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Abstract
Chapter 1
The concept of using redox-active ligands to control the reactivity and
spectroscopic properties of transition metal complexes is introduced. An overview of the
research contained in the thesis is presented as well as a description of microelectrode
techniques used to characterize conducting polymers.
Chapter 2
The synthesis, spectroscopic properties, and reactivity of several transition metals
carbonyl complexes with pendant ferrocene ligands is reported. Oxidation of the pendant
metallocene ligand of 10, 13, 20, and 21 results in a decrease in the electron density on the
transition metal center with characteristic spectroscopic changes in the infrared and UV-
vis. Monolayers of 11 on Au surfaces were used to investigate charge-dependent
photoinduced CO substitution at the manganese center. However, the conditions for this
process need to be optimized and no conclusive substitution rate data has been collected
yet. The successful synthesis of the rhenium carbonyl complex of surface-confined 24 will
allow us to pursue charge-dependent reactivity studies with this molecule as well.
Chapter 3
The synthesis and charge-dependent reactivity of several rhodium and iridium
catalyst complexes with pendant redox-active metallocene bisphosphine ligands (1, 3, 5, 6)
are described. The crystal structures of 3re and 7 were obtained although the inability to
grow satisfactory crystal of 3,x precluded a direct comparison of the structures of the
reduced and oxidized forms of 3. A variety of hydrogenation, hydrosilation and
isomerization reactions were examined. We found that the oxidized catalysts were better
for catalyzing hydrosilation reactions while the reduced catalysts were superior for
hydrogenation. The 3/4 catalyst system was also found to be electrocatalytic for the
oxidation of hydrogen and triethylsilane.
Chapter 4
As a continuation into our investigation of the electrocatalytic properties of the 3/4
catalyst system described in Chapter 3, we present the synthesis of analogous rhodium
catalysts with pendant thiophene moieties (5, 7, 11, 13). We found that one of these
monomers could be electropolymerized onto an electrode surface and the resulting
polymer film used to examine the isomerization of 1-pentene to cis-2-pentene and the
electrocatalytic oxidation of triethylsilane, hydrogen and formic acid. Although we were
not able to deposit the monomer directly onto microelectrodes to make conductivity
measurements, we could form a layered conducting polymer transistor consisting of a
polybithiophene layer covered with a layer of poly-13. The conductivity of this device
could then be modified simply by exposure to triethylsilane.
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Chapter 1
General Introduction
The ability to control the reactivity and spectroscopic properties of a transition
metal atom by variations in its surrounding complement of ligands has received a great
amount of attention in recent decades.' These ligand variations, which usually harbor both
electronic and steric components, alter the electron density on the transition metal atom as
well as the geometry of the complex as a whole. This thesis describes several efforts we
have undertaken to effect similar changes at transition metal atoms electrochemically
through the use of pendant redox-active ligands. This route offers several advantages
over the traditional ligand substitution method. For example, since one complex with a
pendant redox-active ligand can have two or more stable oxidation states, there is a
notable reduction in the amount of syntheses required to make separate complexes with
different ligand sets. Also, since variations in the oxidation state of a pendant ligand do
not significantly alter the geometry of the metal complex in some cases,2'6b this method
may make it possible to measure a purely electronic effect at the transition metal center
free from steric complications.
Although many studies have demonstrated the use of redox-active ligands to effect
changes in the electronic state of the transition metals to which they are bound,36 there are
few reports of stoichiometric reactivity changes brought on by these alterations in ligand
oxidation state.6 Lorkovic6b has recently shown that the rate of nucleophilic addition of
N3- at a carbonyl carbon of a rhenium complex can be increased by a factor of 5400 simply
by oxidation of the pendant cobaltocene bisphosphine ligand. Mao6a has demonstrated
that phosphine substitution for a carbonyl of Co(CO) 3(2,3-bis(diphenylphosphino)maleic
anhydride) can be completely turned off by one-electron oxidation of the pendant
phosphine.
In Chapter 2 of this thesis, we attempt to take the study of charge-dependent
stoichiometric reactivity one step further from solution to surfaces. The synthesis and
spectroscopic properties of several transition metal carbonyl complexes with pendant
ferrocene ligands are described along with our efforts to surface-confine two of the
complexes as monolayers on noble metal surfaces for reactivity studies. The confinement
of the transition metal complexes to an electrode surface allows direct electrochemical
access to the reduced and oxidized states of each complex while permitting facile infrared
interrogation of the surface by specular reflectance techniques. Hence, we can examine
carbonyl stretching frequency shifts upon electrochemical oxidation of the surface-
confined species as well as easily monitor the progress of reactions at the surface such as
phosphine substitutions.
Since the charge-dependent reactivity of stoichiometric processes could be probed,
we thought it would be significant to evaluate the effects of charge variations on catalytic
processes as well. Several studies have shown that as the basicity of the phosphines
increases on the Schrock [P2RhS2]÷ hydrogenation catalysts, the reactivity of the catalysts
also increases since the oxidative addition of hydrogen is promoted.7 Chapter 3 describes
the charge-dependent reactivity of analogous rhodium catalysts as well as Crabtree iridium
catalysts in a variety of reactions including hydrogenation, hydrosilation, and
isomerization. As pendant redox-active ligands for the catalyst complexes, we chose to
use octamethyl-1,1'-bis(diphenylphosphino)ferrocene 8 (omdppf) and 1,1'-
bis(diphenylphosphino)cobaltocene 9 (dppc) both of which exhibit reversible one-electron
redox processes (Scheme 1). The more common ferrocene-based ligand, 1,1'-
bis(diphenylphosphino)ferrocene, was not used due to its lack of stability when oxidized.'0
Each of the catalyst complexes used for the reactivity studies was isolated and
characterized in both reduced and oxidized states of charge. We were also able to change
the properties of a given catalyst in situ by the addition of chemical oxidants or reductants
during an experiment. Although many examples of similar reduction catalysts with
ferrocene-based pendant ligands exist," this is the first work which addresses charge-
dependent reactivity issues. A communication describing some of this research has
recently appeared in the literature.12
One of the catalysts used for the charge-dependent reactivity studies in Chapter 3
+/0 +/0
PPh2  PPh2
Co
PPh2 PPh2
omdppf dppc
Scheme 1. Redox-active metallocene ligands used for charge-dependent catalytic
reactivity studies.
also exhibited electrocatalytic properties for the oxidation of hydrogen and triethylsilane.
This finding stimulated our already growing interest in surface-confining this catalyst
complex. Confining the catalyst to an electrode surface not only would facilitate charge
collection in electrocatalysis but would also permit electrochemical control over all the
catalyst molecules involved in a given catalytic process allowing one to tailor the rate
and/or product distribution of a reaction simply by making an adjustment to the applied
potential on the electrode. Although several methods were considered for surface-
confining the catalyst, we ultimately chose to prepare a catalyst monomer containing
thiophene moieties which are known to readily undergo electropolymerization.' 3 This
results in the formation of a conducting polymer film on the electrode surface with a high
concentration of catalytic centers. Our efforts to synthesize the appropriate catalyst
monomer, deposit it onto an electrode surface, and investigate its catalytic and
electrocatalytic behavior are the topic of Chapter 4.
Microelectrode techniques have been extensively used in the Wrighton group for
the characterization of conducting polymer films. 14 Some of these techniques are used in
Chapter 4 in efforts to measure the conductivity of the catalyst polymer film as well as in
an experiment which exploits the electrocatalytic ability of the catalyst polymer to modify
the conductivity of a conducting polymer-based transistor. Two types of microelectrode
arrays were used for these studies. The first consists of an array of eight individually
addressable Pt band microelectrodes -50 pm long, -2 pm wide, and -0.1 pm thick
separated from one another by -1.2 pm.4d€- The second is a large active area highly
interdigitated Au or Pt microelectrode device depicted in Figure 1."4 Electrodes 2,3,6
and 7 of this device are band electrodes 1.5 mm long and 4 pm wide which are separated
from each other by 4 pm. Each of the electrodes 1,4,5, and 8 consists of six 1.5 mm x 50
pm bus bars with 50 pm x 4 pm protrusions extending outward from each side. This
configuration results in the highly interdigitated nature of the electrode pairs 1 and 8, and
4 and 5 with 4pm separation. Either of these two devices can be used to measure the
conductivity of a conducting polymer.
Scheme 2 shows the configuration of a typical microelectrode-based transistor
used to make conductivity measurements of conducting polymers. By varying the gate
potential, Vg, of two adjacent polymer coated microelectrodes (called the source and the
drain) versus a reference, while at the same time applying a small drain voltage, Vd,
between them, the drain current, Id, which is directly proportional to the polymer's
conductivity, can be measured. Since the applied gate potential alters the state of charge
of the polymer, variations in Vg alter the conductivity of the polymer as well. When the
polymer is in the conducting state, drain current can flow between the source and drain
electrodes. When the polymer is non-conducting, this current flow is terminated.
Therefore, plots of Id vs. Vg can be used to illustrate the polymer's conductivity as a
function of applied potential.
Figure 1. Photomicrographs of an 8 electrode large active area highly interdigitated
microelectrode array. The entire device is shown (top) along with a close-up to clearly
show the interdigitated electrodes with 4 pm separation (bottom).
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Chapter 2
Synthesis, Solution Spectroelectrochemistry and Surface-confined
Stoichiometric Reactivity of Several Manganese, Chromium, and
Rhenium Carbonyl Complexes with Pendant Redox-active Ligands
Introduction
This chapter describes our efforts to evaluate the degree of electronic
communication between transition metal carbonyl complexes and coordinated redox-
active ligands and to investigate the charge-dependent reactivity of the complexes. We
describe the synthesis, electrochemistry, and IR and UV-vis spectroelectrochemistry of
several manganese, chromium, and rhenium complexes containing pendant ferrocene
ligands. Efforts were made to surface-confine some of the complexes as monolayers on
noble metal surfaces in order to study their reactivity.
Transition metal carbonyl complexes were chosen for this study since it is widely
known that carbonyl substitution chemistry is dependent on the stretching force constant
of a given CO ligand. This in turn is directly related to the CO stretching frequencies
exhibited in the infrared for each metal carbonyl complex. The CO stretching force
constant is proportional to the positive charge density on the carbon atom of the
carbonyl.' Angelici2 determined that carbonyls with high stretching force constants (>17.2
mdyn/A) easily form carbamoyl complexes by nucleophilic addition at the carbon atom
while carbonyls with low stretching force constants (<16.0 mdyn/A) do not. Those with
low stretching force constants are more susceptible to nucleophilic displacement. Hence,
in our investigation of charge-dependent reactivity, we could examine either nucleophilic
attack at a carbonyl carbon or nucleophilic displacement of a carbonyl depending on the
characteristics of a given complex.
Many studies have been undertaken in which systematic variations in the ligands
surrounding a transition metal center were used to probe the effects of ligand substitution
on the reactivity and spectroscopic properties of the complex.3 These types of ligand
variations often result in changes in electron density at the metal center as well as changes
in the geometry of the complex. Unless selected groups of ligands are used, such as
isosteric triarylphosphines differing only in their para substitution, it is difficult to separate
the influence of electronic and steric factors in the resultant properties that the transition
metal center exhibits.
The use of electroactive ligands to modify the properties of transition metal
complexes offers unique advantages over the standard ligand substitution method
described above. Electroactive ligands allow the electron density on the transition metal
center to be altered simply by changing the oxidation state of the pendant ligand.4 This
reduces the need for the synthesis of multiple complexes, the utility increasing for pendant
ligands exhibiting more than one reversible redox couple. Several reports have recently
appeared in the literature which describe the crystallographic characterization of transition
metal complexes with redox-active ligands isolated in two discrete states of charge.4ikS In
some of these cases, it has been shown that the oxidation state of the pendant ligand does
not significantly alter the geometry of the transition metal complex. 4k,5Sab Thus, the
reduced and oxidized forms of a given complex may be isostructural, with the observed
reactivity and spectroscopic changes at the metal center due solely to a change in electron
density with little or no contribution from steric factors.
Several workers in the Wrighton group have pursued this area of research.
Miller4h studied the spectroscopic effects resulting from changes in the oxidation state of
pendant ferrocene-containing ligands on several rhenium carbonyl complexes. In each
case, oxidation of the pendant ligands resulted in a shift to higher energy in the carbonyl
stretching frequencies of the transition metal center. The magnitude of the shift was found
to be dependent on the distance or number of bonds between the ferrocene group and the
rhenium metal center. Although this study did not address charge-dependent reactivity
differences, Lorkovic 4k has recently utilized a rhenium carbonyl complex with the
electroactive 1,1'-bis(diphenylphosphino)cobaltocene ligand to demonstrate a ko/dkd of
5400 for the addition of N3 " to a carbonyl carbon of the complex. This work demonstrates
the large reactivity differences which can result by simply changing the state of charge of a
pendant ligand.
The area of surface modification by techniques which modify self-assembled
monolayers has received a great amount of attention in recent years.6 Our research group
has efforts focused in this area which include work in photopatterning monolayers to bring
out combinations of specific surface properties. These modified monolayers could find
utility in applications ranging from microelectronic device fabrication and photoimaging to
site-selective electrodeposition of conducting polymers and electroless metal plating.
Based on solution studies which have shown that cyclopentadienylmanganese tricarbonyl
readily undergoes photoinduced CO substitution for an incoming phosphine ligand,
Kang6a has demonstrated that surfaces derivatized with a cyclopentadienylmanganese
tricarbonyl fragment can be photopattemed by UV irradiation through a mask via an
analogous process. Since specific phosphines containing specific functional groups can be
substituted for a carbonyl on the complex, the properties of the surface can be readily
customized by this route. Kang also observed that monosubstitution occurs exclusively
with the surface-confined species while disubstitution can easily be achieved with the
analogous reaction in solution.
Extending this work by using electrode-bound monolayers of
cyclopentadienylmanganese tricarbonyl complexes with pendant redox-active ligands to
examine charge-dependent reactivity on surfaces offers several benefits over similar
reactivity studies in solution. This surface approach permits direct electrochemical
accessibility of all the molecules under study which allows investigation of the reactivity of
both the oxidized and reduced forms of the transition metal complex without the need to
independently synthesize each form. Since only monosubstituted product has been shown
to form with similar surface-confined manganese carbonyl complexes upon irradiation in
the presence of phosphine, 6a the analysis of reaction products could be simplified. Also,
infrared interrogation of the surface-confined carbonyl complexes via specular reflectance
techniques yields a facile method of assaying the reaction similar to making solution
measurements. The photopatterning which could be realized with this system, coupled
32
with its redox chemistry, could lead to surfaces with more unique functionality than
previously known.
Results and Discussion
Synthesis. The steps required to synthesize ferrocenylcyclopentadienylmanganese
tricarbonyl (5) are outlined in Scheme 1. Bromoferrocene (2) is produced from
boronoferrocene (1) by a procedure similar to that of Nesmeyanov.8 This preparation is
preferential to the more commonly followed method of Fish and Rosenblum 9 since it does
not require the use of poisonous chloromercuriferrocene. The preparation of copper
cyclopentadienylmanganese tricarbonyl (4) from boronocyclopentadienylmanganese
tricarbonyl (3) turned out to be the least efficient step in the syntheses of the linked
ferrocene/cyclopentadienylmanganese tricarbonyl systems. Formation of
ferrocenylcyclopentadienylmanganese tricarbonyl (5) is achieved by heating 2 and 4
together in the absence of solvent. An attempt was made to carry out this reaction in a
minimal amount of DMF. No product was formed confirming the importance of running
the reaction solvent free.
The synthesis of a surface-confineable derivative of 5 is depicted in Scheme 2. A
thiol was chosen to terminate the alkyl chain tether since thiols are known to readily form
monolayers on gold surfaces.'o Acylation of 2 with 11-bromoundecanoyl chloride (6)
results in the formation of l-bromo-l1'-(11-bromoundecanoyl)ferrocene (7). Although this
molecule has been displayed in the literature," no synthesis has been published at this
time. The acyl carbonyl can be reduced by triethylsilane in the presence of trifluoroacetic
acid to form 1-bromo-1'-(11-bromoundecyl)ferrocene (8). 8 is readily converted to 1-
bromo-l'-(l 1-thioacetylundecyl)ferrocene (9) by potassium thioacetate. Reaction of 9
with 4 in the absence of solvent forms the linked system, 1-(cyclopentadienylmanganese
tricarbonyl)-1'-(11-thioacetylundecyl)ferrocene (10), in reasonable yield. The thiol, 1-
(cyclopentadienylmanganese tricarbonyl)- 1 '-( 11-mercaptoundecyl)ferrocene (11), is
cleanly produced by cleavage of the thioester 10 with potassium hydroxide.
Scheme 3 portrays the synthesis of ferrocenylbenzenechromium tricarbonyl (13)
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CL~ CL~I,
A-
C*
Li I
w
O
W
I
-r
W5 I
oC0
04 0
0|IIi- L +
O0
c
I
0oCL.
-I-
0=0
,M
f.LL N
eI<
CI
O V
00
0
0
0
0
.0
oU
0
as
E"0U
U
U
U
0o0
0
o2e4
OEa
.,
5
.@;
SfJ)
IIO 0
oeI
s:4
C,, 0
-I
0
L.
4)U.
Fe
N2+
Fe Cr(CO) 3
13
Cr(CO) 6
THF
Diglyme
Dibutyl ether
A
+PPh 3
-CO
Fe Cr(CO) 2 PPh3
14
Fe Cr(CO) 2 P(n-Bu)3
15
Scheme 3. Synthesis of ferrocenylbenzenechromium tricarbonyl (13) and two
monophosphine derivatives 14 and 15.
NaNO 2
H2SO4
Fe
12
+P(n-Bu) 3
-CO
hv
THF
hv
THF
c ý- NH2
and two of its monophosphine derivatives, 14 and 15. The diazonium salt of aniline is
utilized in the synthesis of phenyl ferrocene (12). Reaction of 12 with chromium
hexacarbonyl in a diglyme/dibutyl ether/THF solvent mixture yields 13. Although the
yield of 13 is low, it can be produced in much larger amounts than its manganese analog 5
due to the previously mentioned limitations in the yield of 4. An attempt to synthesize
ferroceniumbenzenechromium tricarbonyl by addition of one equivalent of AgBF 4 to a
CH2C12 solution of 13 resulted only in decomposition of the starting material. The
monosubstituted triphenylphosphine (14) and tri-n-butylphosphine (15) derivatives of 13
were readily obtained by photolysis of 13 with a medium pressure mercury vapor lamp in a
THF solution containing excess phosphine.
As of this writing, we do not have a surface-confineable derivative of 13 to
investigate. However, some synthesis has been completed on a route to 1-phenyl-l'-(11-
thioacetylundecyl)ferrocene. Coordination of Cr(CO)6 to its phenyl ring could form the
(i16-arene)Cr(CO) 3 surface-confineable precursor. Facile conversion to the thiol in the
presence of base would yield the surface-confineable complex (Scheme 4).
In order to broaden our investigation to rhenium, two ferrocenyl-2,2'-bipyridines
were synthesized as shown in Scheme 5 using a modification of the Kroehnke pyridine
synthesis. 12 4-ferrocenyl-2,2'-bipyridine (18) is obtained by the reaction of 3-
ferrocenylpropenal (16) with 2-(2-pyridyl)-2-oxoethylpyridinium iodide and ammonium
acetate in glacial acetic acid. 6-ferrocenyl-2,2'-bipyridine (19) is obtained in an analogous
manner using 3-dimethylaminopropanoylferrocene hydrochloride (17). 19 has been
synthesized alternatively by the reaction of lithioferrocene with 2,2'-bipyridine.' 3
However, 18, which is a potentially more useful ligand due to its less sterically hindered
geometry, cannot be made by this method. The rhenium carbonyl complexes 20 and 21
were easily formed by reaction of 18 and 19 respectively with rhenium pentacarbonyl
chloride in isooctane (Scheme 6). These rhenium complexes have been assigned thefac
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geometry due to their pattern of three absorption bands in the infrared.4b '14
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Scheme 6. Synthesis offac-4-ferrocenyl-2,2'-bipyridylrhenium tricarbonyl chloride (20)
andfac-6-ferrocenyl-2,2'-bipyridylrhenium tricarbonyl chloride (21).
In order to surface confine the rhenium complexes, we elected to add thiol-
terminated alkyl tethers to 18 and 19 (Scheme 7). Acylation of 18 and 19 with 6 forms 4-
and 6-(1'-(11-bromoundecanoyl))ferrocenyl-2,2'-bipyridine, 22 and 25, which are readily
converted to 4- and 6-(1'-(11-thioacetylundecanoyl))ferrocenyl-2,2'-bipyridine, 23 and
26, by reaction with potassium thioacetate. Potassium hydroxide is used to cleave the
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thioester to the thiol forming 4- and 6-(1'-(1 1-mercaptoundecanoyl))ferrocenyl-2,2'-
bipyridine, 24 and 27. All of the compounds following the acylation must be
chromatographed and stored in the absence of light. When exposed to light, these
compounds slowly turn from orange to purple as some decomposition process takes place.
The compounds must then be repurified by column chromatography. Although we did not
investigate the mechanism of the decomposition, this photoprocess may warrant future
work.
Multiple products resulted when we attempted to synthesize the rhenium
complexes of the thiols 24 and 27 possibly due to a side reaction of the thiol with the
rhenium center. One way to avoid this problem is to prepare the rhenium complex after
forming a monolayer of the thiol-termninated bipyridine ligand on a gold surface. Full
experimental details of this route using thiol 24 are described below.
Electrochemistry, FT-IR Spectroscopy, and Reactivity of Surface-confined 11. Our
aim in synthesizing 11 was to produce a surface-confineable transition metal complex
incorporating both reactive functionality and a redox-active pendant ligand. This species
would allow us to investigate the impact that the state of charge of the pendant ligand has
on the reactivity of the transition metal center. Immobilizing the complex on an electrode
surface permits us to exert direct electrochemical control over all the molecules involved
in the process and hence hold the complex in the desired oxidation state while monitoring
a reaction at the transition metal center. The reaction which we chose to examine was the
photosubstitution of a carbonyl for a phosphine on the manganese center.
We found that complex 11 readily forms self-assembled monolayers on clean gold
or platinum electrode surfaces upon soaking the electrode in a 1-3 mM solution of 11 in
ethanol for several hours. In order to confirm the presence of a monolayer of the complex
on the electrode, electrochemistry and specular-reflectance FT-IR spectroscopy were
conducted. Figure 1 shows the ferrocene-centered electrochemistry of 11 bound to a
gold-coated silicon wafer in CH 2C12 containing 0.1 M TBAPF6. The linear scan-rate
dependence is characteristic of a surface-confined species. The specular reflectance FT-IR
data is displayed in Figure 2A showing carbonyl absorptions at 2017 and 1934 cm-1 which
compare favorably with the solution infrared spectrum of 11 which has bands at 2016 and
1930 cm1' in CH2C02.
Now that the complex had been successfully immobilized on an electrode surface,
we attempted to oxidize the ferrocene moiety in order to look for a carbonyl shift to
higher frequency as was detected during the solution spectroelectrochemistry of 10
described below. The derivatized electrode was placed back into the electrolyte solution
and its potential swept anodically to a point just positive of the ferrocene-centered
oxidation wave and held while the electrode was removed from potential control. The
carbonyl region was then probed by specular reflectance FT-IR. The first time this
experiment was conducted, the spectrum of the oxidized monolayer showed noisy
carbonyl bands at 2029 and 1940 cm-' which were about half the intensity of the starting
spectrum (Figure 2B). Although this did demonstrate a shift to higher wavenumber upon
oxidation, the results could not be duplicated. All future attempts resulted only in partial
or total decomposition of the reduced monolayer even when the samples were kept
rigorously out of light. The samples were not excluded from air or water vapor after the
oxidations, however, which may warrant future experimentation using a drybox to prepare
samples.
Since cyclopentadienylmanganese tricarbonyl is known to readily undergo
photoinduced CO substitution for an incoming phosphine ligand,7 we attempted to
conduct the analogous reaction using surface-confined 11 (Scheme 8). Several trials were
carried out in which a gold electrode derivatized with a monolayer of 11 was irradiated in
the presence of a phosphine. Irradiations were conducted through pyrex for times ranging
from 5 min to 10 min with either a hand-held 366 nm lamp or a medium pressure mercury
Figure 1. Cyclic voltammetry of surface-confined 11 on Au. The ferrocene-centered
redox couple at -45 mV vs. Ag/AgNO3 demonstrates a linear scan rate dependence.
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Figure 2. Grazing angle specular reflectance infrared spectroscopy of surface-confined 11
on Au. (A) Before electrochemical oxidation. (B) After electrochemical oxidation.
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Scheme 8. Photoinduced substitution of a carbonyl for a phosphine on
the manganese center of surface-confined 11.
vapor lamp. Triphenylphosphine and tri-n-butylphosphine were used in concentrations
ranging from 0.05 M to 0.5 M in degassed hexane or pentane. In each case, when the
irradiated monolayer was examined by specular reflectance IR, only partial to full
decomposition of the starting material was observed with no substitution product ever
detected. Only in one instance, in which a 0.05 M solution of diphenyl(1 1-
ferrocenylundecyl)phosphine 6 was used along with a 5 minute irradiation time with the
366 nm lamp, was electrochemical evidence of phosphine incorporation shown. In this
case, the cyclic voltammogram of the surface-confined species broadened a little and
shifted 40 mV negative after the irradiation which is consistent with the exchange of a
carbonyl for a more basic phosphine. However, no specular reflectance data was obtained
to corroborate the electrochemical data. This is an area in which more work needs to be
done in order to discern the optimum conditions for this substitution reaction on the
monolayer. It is obviously necessary to be able to attain successful substitution reactions
with the reduced form of the molecule before investigating the charge-dependent reactivity
of the system by attempting the reaction with the oxidized form.
Electrochemistry and Reactivity of 13. The electrochemistry of substituted (t16_
arene)Cr(CO) 3 complexes has been studied by several different groups.' 5 In all cases,
oxidation of the complex is complicated by a series of multielectron processes which
culminate in the destruction of the complex and the formation of a Cr(III) species.
Depending on the solvent and electrode materials used, a passivating layer from the
decomposition process can form on the electrode resulting in a shift in peak positions and
a decrease in the limiting currents observed upon repetitive scanning. This necessitates the
use of a clean electrode for each individual measurement in order to obtain reproducible
results.
DegrandlSd has found that an assisted (induced) oxidation of the (arene)Cr(CO)3
moiety occurs upon oxidation of the ferrocene center of 13 resulting in the decomposition
of the complex as described above. Only at fast scan rates or with a rotating disk
electrode can the direct oxidation of the (arene)Cr(CO) 3 center be partially observed at
potentials positive of the ferrocene-centered oxidation. At normal scan rates with a
stationary electrode one oxidation wave is detected, the complex decomposes, and the
only reduction process observed on the return scan is a result of the reduction of the
phenylferrocenium produced when the complex fell apart.
At this point we have only examined the solution electrochemistry of 13 and its
monosubstituted phosphine derivatives 14 and 15 since a surface-confineable derivative of
13 has not yet been fully synthesized. When the cyclic voltammetry of 13 was run in
CH2C12 at room temperature, the behavior observed was identical to that described above
complete with evidence of electrode fouling after one scan. Figure 3 shows the best room
temperature cyclic voltammogram we could obtain for this complex using a fresh
electrode. In an effort to minimize or eliminate the decomposition process, the cyclic
voltammetry was attempted at -40 oC in CH2Cl2. However, similar results were obtained
at this temperature indicating that this system may be too unstable to use for charge-
dependent reactivity studies.
In an effort to determine if phosphine substitution increases the stability of the
complex upon oxidation, the monotriphenylphosphine 14 and monotri-n-butylphosphine
15 derivatives were made. Both of these complexes exhibited complicated
electrochemical behavior and their oxidation led to electrode passivation even at -40 oC in
both THF and CH2C12 solutions containing TBAPF6. Due to the instability of 13, 14, and
15 to oxidation even at low temperature, their use and the synthesis of the surface-
confineable derivative of 13 was discontinued.
Solution Spectroelectrochemistry of 10, 13, 20, 21. The FT-IR and UV-vis
spectroelectrochemistry of molecules 10, 20, and 21 and the FT-IR
spectroelectrochemistry of 13 were conducted in an effort to probe the nature and
magnitude of spectroscopic changes resulting from changes in the state of charge of a
pendant ligand. The spectroelectrochemistry of 10 and 13 was carried out in a simple
NaCl plate sandwich cell with closely spaced electrodes while an updated cell with a
remote teflon reservoir containing the reference and counter electrodes was used for
molecules 20 and 21. In each case, the molecule under investigation was
electrochemically oxidized during which the FT-IR data was collected, and then re-
reduced. The oxidation and reduction were then repeated to collect the UV-vis data.
After each re-reduction, the final spectrum was compared to the starting spectrum to
check for loss of material during the data collection process. The spectral data for the
reduced and oxidized complexes are shown in Table 1. In all cases, oxidation of the
Figure 3. Cyclic voltammetry of 13 showing the ferrocene-centered oxidation wave at
+60 mV vs. Ag/AgNO3.
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Table 1. FT-IR and UV-vis spectroelectrochemical data for 10, 13, 20, and 21.
FT-IR data, cm-1
2016,1930
2027,1946
1962,1885
1973,1905
2020,1914,1895
2023,1921,1901
2022,1919,1889
2024,1922,1903
UV-vis data, nm
274,348
262,300,408,605
308,362,508
220,280,395,700
312,368
210,235,290,355,630
Complex
10red
10ox
13.
20nd
20ox
21md
21o,
complexes results in a shift in the infrared absorbances to higher energy. However, the
peak patterns remain the same indicating that we are observing solely an electronic effect
with no significant change in the structure of the complex.
The spectroelectrochemistry of a 2.70 mM solution of 10 in CH 2Cl2 containing
1.36 M TBAPF6 was examined first. Both FT-IR and UV-vis data were collected by
sweeping the potential out to +675 mV vs. Ag and then holding it while spectra were
recorded. The FT-IR data for 10 is shown in Figure 4 and the UV-vis data is represented
in Figure 5. The negative peaks in the spectra are due to the disappearance of the
reduced starting material and the positive peaks indicate the growth of oxidized product.
The starting and ending spectra compare favorably after both redox cycles indicating that
the oxidized species is stable over the timescale of the experiment at room temperature
and little if any decomposition occurs during the process.
A 7.11 mM solution of 13 in CH2C12 containing 1.36 M TBAPF6 was used to
collect FT-IR spectroelectrochemical data. The potential was swept out to +600 mV vs.
Ag and slowly increased to +700 mV over the course of the data acquisition. Eventually,
along with the disappearance of reduced starting material, was observed the loss of
oxidized product indicating that decomposition was taking place. Upon re-reduction of
the complex, significant loss of starting material was evident indicating that under these
conditions, the oxidized form of 13 is relatively unstable. This coincides with the solution
electrochemical behavior of 13 discussed previously. Despite the observed
decomposition, the FT-IR data for the oxidation process are satisfactory as shown in
Figure 6. UV-vis spectroelectrochemical data for this complex was not collected due to
the stability issues.
The shifts in the carbonyl stretching frequencies to higher energy upon oxidation of
10 and 13 are quite similar. This indicates that the degree of electronic communication
between the pendant ferrocene and either the Cro center through its coordinated T16-C6H6
Figure 4. Solution FT-IR spectroelectrochemistry of 10. Top: Spectra of the reduced
and oxidized species. Bottom: Difference spectra taken during the oxidation process
showing the loss of starting material at 2016 and 1930 cm" and the growth of oxidized
product at 2027 and 1946 cm'.
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Figure 5. Solution UV-vis spectroelectrochemistry of 10. Difference spectra taken
during the oxidation process showing the growth of oxidized product at 262, 300, 408,
and 605 nm.
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Figure 6. Solution FT-IR spectroelectrochemistry of 13. Top: Spectra of the reduced
and oxidized species. Bottom: Difference spectra taken during the oxidation process
showing the loss of starting material at 1962 and 1885 cm-' and the growth of oxidized
product at 1973 and 1905 cm-.
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ring or the Mn' center through its coordinated rlS-C 5H5 ring is nearly the same.
The UV-vis spectrum of 10 contains two bands at 274 and 348 nm, the latter of
which is possibly a MLCT band. Upon oxidation of the ferrocene center of 10, this band
should shift to lower energy since the resulting decrease in electron density on the rlS-C 5H5
ligand would facilitate MLCT from the manganese center to the rlS-C 5H5 ring.16 A peak at
408 nm grows in as the oxidation proceeds which we tentatively attribute to the red-
shifted MLCT absorption. However, at this time we have not positively identified any of
the X7-nr* or MLCT bands of the oxidized material. The appearance of a ferrocenium
absorption band at 605 nm is also noted during the oxidation.
For both 20 and 21, a 2.46 mM solution of the rhenium complex in CH2CI2
containing 1.55 M TBAPF6 was used for the FT-IR and UV-vis spectroelectrochemistry.
The rhenium complexes were oxidized by sweeping the potential out to +1.45 V vs. Ag
and the potential was then held until no further spectral changes were observed prior to re-
reduction. The FT-IR and UV-vis spectroelectrochemistry of complex 20 is presented in
Figures 7 and 8, respectively, and the analogous data for complex 21 in Figures 9 and 10.
Comparison of final spectra after re-reduction to starting spectra demonstrate the stability
of the oxidized forms of 20 and 21 at room temperature with little or no decomposition
observed over the course of the experiment.
While the highest energy carbonyl stretch of 20 and 21 shifts similarly upon
oxidation of the ferrocene center, the lower energy stretches behave differently with the
1914 cm'' stretch of 20 shifting more positive than the 1919 cm~- stretch of 21 and the
1889 cm-' stretch of 21 shifting more positive than the 1895 cm-' stretch of 20. This
difference may be due to subtle electronic variations resulting from the position of the
ferrocene group on the bipyridine ring.
The UV-vis spectra of 20 and 21 prior to oxidation are quite similar with what
appear to be ligand ct-n* bands at 308 and 312 nm, respectively, and MLCT bands (from
the rhenium to the coordinated ferrocenylbipyridine) at 362 and 368 nm, respectively.
Figure 7. Solution FT-IR spectroelectrochemistry of 20. Top: Spectra of the reduced
and oxidized species. Bottom: Difference spectra taken during the oxidation process
showing the loss of starting material at 2020, 1914 and 1895 cm 1' and the growth of
oxidized product at 2023, 1921 and 1901 cm-.
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Figure 8. Solution UV-vis spectroelectrochemistry of 20. Difference spectra taken
during the oxidation process showing growth of oxidized product at 220, 280, 395, and
700 nm.
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Figure 9. Solution FT-IR spectroelectrochemistry of 21. Top: Spectra of the reduced
and oxidized species. Bottom: Difference spectra taken during the oxidation process
showing the loss of starting material at 2022, 1919 and 1889 cm'- and the growth of
oxidized product at 2024, 1922 and 1903 cm''.
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Figure 10. Solution UV-vis spectroelectrochemistry of 21. Difference spectra taken
during the oxidation process showing growth of oxidized product at 210, 235, 290, 355,
and 630 nm.
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Since oxidation of the ferrocene center would increase the electron withdrawing ability of
the ligand, a shift to longer wavelength would be expected to occur as Giordano' 4
observed upon protonation of the pyridine-based ligands of analogous complexes.
Although we were unable to accurately discern the positions of the shifted it-n* bands
from our spectroelectrochemical data, we assign the broad absorptions centered at 700 nm
for 20 and 630 nm for 21 as the red-shifted MLCT bands of the complexes. The
ferrocenium absorption of both oxidized complexes could not be assigned. Due to the
characteristically low extinction coefficient of the ferrocenium band, it is probably
obscured by the red-shifted MLCT absorption of each complex.
Electrochemistry, FT-IR Spectroscopy, and Reactivity of Surface-confined 24. As
described above, in an effort to minimize side reactions in the syntheses of the rhenium
complexes of 24 and 27, we chose to form a monolayer of the thiol-terminated ligand 24
on gold prior to exposing the system to Re(CO)sCl to form the complex (Scheme 9). A
1-3 mM solution of 24 in EtOH was used to form a monolayer of the ligand on a section
of gold-coated silicon wafer during a 2h soak. The monolayer formation and successive
manipulations of the derivatized gold piece were carried out in the dark as much as
possible to minimize the light-induced decomposition process discussed above. In order
to confirm the presence of a monolayer of 24 on the electrode, the electrochemistry of the
surface-confined ligand was carried out in CH3CN containing 0.1 M TBAPF6 . The
ligand's ferrocene-centered oxidation wave is depicted in Figure 11.
In a preliminary attempt to make the surface confined rhenium complex of 24, a
second gold piece was derivatized as described above and placed into isooctane along with
some Re(CO)sC1. This mixture was heated at 65±5 'C for 20 min. Specular reflectance
FT-IR spectroscopy of the resulting monolayer shows the presence of two weak, noisy
stretches centered at -2028 and -1915 cm1 (Figure 12). For afac-(chelate)rhenium
tricarbonyl chloride complex, one should observe a distinct three band pattern in the
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Scheme 9. Monolayer formation of 24 and subsequent formation of the
rhenium carbonyl complex.
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Figure 11. Cyclic voltammetry of surface-confined 24 on Au showing the ferrocene-
centered oxidation wave at +530 mV vs. Ag/AgNO 3.
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Figure 12. Grazing angle specular reflectance infrared spectroscopy of the rhenium
carbonyl complex of surface-confined 24 on Au.
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infrared.4 h.14 Although no separation between the two lower energy IR bands of the
monolayer could be seen, the two observed peaks are in fairly good registration with the
high energy and two low energy peaks of its solution analog 20. Therefore, we conclude
that we have made the rhenium complex of 24 on the surface and that the inability to
separate the two lower energy stretches may simply be due to the very low signal level of
the spectrum. The surface-confined complex was then oxidized by placing it into CH3CN
containing 0.1 M TBAPF6 and sweeping anodically to a potential just positive of the
ferrocene-centered oxidation wave. The electrode was then removed from potential
control and examined again by FT-IR. The intensity of the spectrum had dropped about
40% compared to the spectrum taken before oxidation, and due to the noise present, it
was impossible to discern any significant shift in the carbonyl stretching frequencies. As a
result of these positive introductory findings, further experimentation is justified to
optimize the spectroscopy of these monolayers and the measurement of their charge-
dependent reactivity.
Conclusion
Solution spectroelectrochemistry with FT-IR and UV-vis interrogation was used
to measure the degree of electronic communication between several transition metal
carbonyl complexes (10, 13, 20, 21) and their coordinated redox-active ligands. In all
cases, shifts in carbonyl stretching frequencies to higher wavelengths upon oxidation of
the complexes were observed. The positive shifts upon oxidation of the pendant ligand
are characteristic of a decrease in electron density on the transition metal atom. The
degree of electronic communication can be discerned from the magnitude of the observed
shifts. The ferrocene-centered electrochemistry of every complex but 13 was completely
reversible.
Our approach toward investigating the charge-dependent reactivity of these
carbonyl complexes was focused on materials which could be confined to an electrode
surface. A surface-confineable, redox-active cyclopentadienylmanganese tricarbonyl
derivative, 11, was synthesized and used to form self-assembled monolayers on gold
surfaces. However, attempted oxidation and photoinduced CO substitution reactions of
the surface-confined species revealed stability problems which need to be addressed.
Ferrocenylbenzenechromium tricarbonyl, 13, was also investigated as a possible precursor
to a surface-confineable candidate for carrying out charge-dependent reactivity studies via
photoinduced phosphine substitution reactions. We found that its lack of stability in its
oxidized form even at low temperatures would impede our ability to make the required
reactivity measurements in an accurate manner. Our experiments with the rhenium
complexes 20 and 21, syntheses of the surface-confineable redox-active bipyridine ligands
24 and 27, and successful formation of the rhenium carbonyl complex of surface-confined
24 suggest that these systems may be useful for carrying out charge-dependent reactivity
studies possibly through the use of reactions involving nucleophilic addition at the
carbonyl carbon.
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Although a significant amount of the preliminary work has been completed for this
study including the synthetic rationale and experimental setup for conducting many of the
required measurements, future work is needed to resolve the experimental difficulties that
were encountered before hard numbers can be obtained for charge-dependent reactivity
differences between the oxidized and reduced forms of these transition metal carbonyl
complexes.
Experimental Section
General Methods. All solvents used were spectroscopic grade, anhydrous, and degassed
except for most column chromatography where reagent grade solvents were used directly.
CH 2Cl2 was distilled from P20 5. Hexane was distilled from CaH2. THF and diethyl ether
were distilled from sodium benzophenone ketyl. Other solvents were purchased
anhydrous from Aldrich. Tetrabutylammonium hexafluorophosphate (TBAPF6 ) was
recrystallized 3X from EtOH and dried under vacuum overnight at 120 'C prior to use.
Column chromatography was performed using Merck 230-400 mesh silica gel. All
syntheses was performed under an Ar or N2 atmosphere unless otherwise noted. Samples
were sent to Oneida Research Labs for elemental analysis. Syntheses with accompanying
reference numbers were carried out using modifications of the literature procedures.
'H NMR spectra were taken on Bruker WM-250 and AC-250, as well as Varian
XL-300 and Unity 300 spectrometers. The chemical shifts (8) are in parts per million
(ppm) and are referenced to the residual protic solvent peaks in acetone-d 6 (2.04 ppm),
DMSO-d6 (2.49 ppm), C6D6 (7.15 ppm), and CDCl3 (7.24 ppm). UV-vis spectra were
collected on a Hewlett-Packard HP8452A diode array spectrometer. FT-IR spectra were
acquired on a Nicolet 7199A or 60SX spectrometer equipped with a MCT detector. A
grazing angle specular reflectance attachment from Spectra-Tech was used to probe
monolayers on reflecting noble metal surfaces. Mass spectra were obtained on a Finnegan
MAT 8200 equipped with a magnetic sector detector.
Electrochemistry was conducted using a Pine Instrument Company RDE4
bipotentiostat. Cyclic voltammograms were recorded with a Kipp & Zonen model BD90
single pen chart recorder or BD91 two pen recorder. All electrochemistry was run in
CH2CL2, THF or CH 3CN containing 0.1 M TBAPF6 supporting electrolyte except for the
spectroelectrochemical experiments in which > 1 M TBAPF6 was used to help counteract
the significant IR drop associated with the thin layer cells. Ag wire and Ag/AgNO3
reference electrodes were used along with a platinum counter electrode. The glassy
carbon (Bioanalytical Systems) and platinum working electrodes were cleaned by
polishing with Buehler 2A Alpha 3 p and 3B Gamma 0.5 p Micropolish Alumina
Suspensions on Buehler Microcloth polishing cloths followed by sonication in acetone,
CH2C12, and hexane for 5 min each. Most cyclic voltammetry was conducted at room
temperature either under a blanket of Ar in an open vessel or in a sealed, completely dry,
deaerated vessel. In some cases, the cyclic voltammetry was carried out in a sealed vessel
immersed in a -40 'C bath to help stabilize the oxidized species formed.
Two different types of cells were used for spectroelectrochemistry. The first was a
simple cell made by sandwiching two platinum gauze electrodes (working and counter
electrodes) and a flattened silver wire (reference electrode) between NaCl plates and
sealing the system with epoxy.4h The cell could then be mounted in a standard rectangular
IR cell holder and placed in the FT-IR or UV-vis so that the interrogating beam travels
through the working electrode. This cell has several drawbacks the most significant of
which is mixing of cell contents between the working and counter electrodes due to their
close proximity. An improved apparatus was built based on a published design.'7 The
new cell has only the platinum gauze working electrode sandwiched between long-lasting
CaF2 plates. The silver wire reference and platinum gauze counter electrodes are located
in a custom-made airtight teflon reservoir which is mounted to the top of the IR cell
holder. The solution is continuous between this reservoir and the working electrode
through the top filling port. This setup virtually eliminates the mixing of solution around
the counter electrode and working electrode over the timescale of the experiment (1-2 h).
In each case, the cells were loaded with analyte and sealed in the drybox.
Boronoferrocene (1).8 Lithioferrocene 8" was prepared by the addition of tert-butyllithium
(100 ml of 1.7M solution in pentane, 170 mmol) via cannula to a solution of ferrocene
(37.45 g, 201 mmol) in 160 ml THF at 0 'C. This mixture was added to a solution of tri-
n-butylborate (195.74 g, 850 mmol) in 100 ml THF at -78 OC. The resulting solution was
stirred for 10 min and then allowed to stand (without stirring) overnight at room
temperature. The crude reaction mixture was washed three times with 80 ml 10% H2SO4.
The acid washings were discarded and the remaining ether layer was extracted in two
steps. In the first step, the ether layer was extracted with 80 ml, 20 ml, and 20 ml of 10 %
KOH sequentially to remove any disubstituted product. In the second step, the ether layer
was exhaustively extracted with 10% KOH until no product remained in it. The KOH
extracts were acidified with 10% H2S04 forming a yellow precipitate which was collected
and washed with water on a Buchner funnel. Care must be taken not to add excess acid or
the product will dissolve back into the aqueous phase. Also, since the acid can oxidize the
product the acidification/isolation steps need to be done as quickly as possible. The
collected product was recrystallized from boiling water forming brown needle crystals
(13.26 g, 57.7 mmol). Yield: 29%. 'H NMR (acetone-d6): 8 4.46 (m, 2H), 4.31 (m, 2H),
4.08 (s, 5H).
Bromoferrocene (2).8 1 (2.23 g, 9.7 mmol) was placed in 450 ml water and heated to
50±2 'C. A solution of cupric bromide (4.37 g, 19.6 mmol) in 110 ml water was added to
this solution. The mixture was allowed to stir for 30 min at 50±2 'C. The product was
extracted from the mixture with CH 2C12 and the extracts were washed with water and
dried with MgSO 4. The crude product was chromatographed on silica gel using pentane
as eluent and the low-melting brown solid that resulted (1.71 g, 6.45 mmol) consisted of
bromoferrocene with a small amount of ferrocene impurity. Yield: 66%. 'H NMR
(C6D6): 8 4.21 (t, 2H), 3.97 (s, 5H), 3.69 (t, 2H).
Boronocyclopentadienylmanganese tricarbonyl (3). '9 30 ml diethyl ether was added to
n-butyllithium (14.0 ml of a 1.6 M solution in hexanes, 22.4 mmol) and the resulting
solution was transferred by cannula to a solution of cyclopentadienylmanganese
tricarbonyl (4.80 g, 23.5 mmol) in 40 ml THF at -78 OC. The resulting mixture was then
added to a solution of tri-n-butylborate in 35 ml diethyl ether at -78 'C. After the addition
was complete, the solution was removed from the -78 'C bath, stirred for an additional 15
min, and allowed to stand (with no stirring) at room temperature overnight. Solvent was
removed, and the residue was dissolved in diethyl ether. 10% H2SO4 was added to the
ether solution until the ether phase was acid to Congo red indicator. The ether phase was
washed twice with water and was then extracted several times with 10% KOH. The KOH
extracts were acidified with concentrated HCI and cooled to ~0 OC to precipitate the
product. Recrystallization from water yielded the light yellow product (4.05 g, 16.3
mmol). Yield: 69%. 'H NMR (C6D6): 5 4.88 (s, 1H), 4.52 (s, 1H), 4.09 (s, 1H), 3.99 (s,
1H), 3.33 (b, 2H). IR (CH 2C12) Vco: 2025, 1939 cm'.
Coppercyclopentadienylmanganese tricarbonyl (4).20 60 ml water was added to cupric
acetate (0.600 g, 3.01 mmol) and a 2% solution of NaOH was added dropwise until all the
cupric acetate went into solution. This blue solution was added to 3 (1.50 g, 6.05 mmol)
and the resulting solution stirred overnight. The cream colored product (0.100 g, 0.375
mmol) which precipitated from the solution was isolated on a frit and washed
consecutively with water, diethyl ether, 2% H2SO4, water and diethyl ether. Yield: 6%.
'H NMR (C6D6): 8 4.66 (s, 2H), 4.35 (s, 2H). IR (CH2C 2) vco: 2014, 1940 cm-l .
Ferrocenylcyclopentadienylmanganese tricarbonyl (5). 21 2 (0.044 g, 0.166 mmol) and
4 (0.022 g, 0.083 mmol) were heated in a Schlenk tube (w/o solvent) at 120±2 oC for 1.5
h. The contents were stirred at the midway point of the reaction. The resulting residue
was chromatographed on silica gel and a 10% CH2Cl2/90% pentane mixture was used to
elute the yellow product (0.014 g, 0.036 mmol). Yield: 44%. 'H NMR (C6D6): 8 4.28 (t,
2H), 4.03 (t, 2H), 3.99 (t, 2H), 3.92 (t, 2H), 3.82 (s, 5H). IR (CH2CI2) Vco: 2018, 1932
cm' .
11-Bromoundecanoyl chloride (6). 150 ml thionyl chloride was added to 11-
bromoundecanoic acid (60.0 g, 0.226 mmol) and the resulting solution was stirred at room
temperature for 1 h. The solution was then heated at reflux overnight. The thionyl
chloride was distilled out of the reaction mixture leaving the crude product as a yellow
liquid. Distillation (134±3 'C, 0.65 torr) yielded pure product (61.5 g, 0.217 mmol).
Yield: 96%. 'H NMR (C6D6): 8 3.00 (t, 2H), 2.24 (t, 2H), 1.52 (p, 2H), 1.4-0.8 (m,
14H). IR (CH2CI 2) Vco: 1797 cm-'.
1-Bromo-1'-(1I-bromoundecanoyl)ferrocene (7). 6 (2.41 g, 8.50 mmol) was dissolved
in 20 ml of CH2C02. The solution was cooled to 0 TC and an excess of AIC13 was added to
form the acylating agent. After 10 min of stirring, this solution was transferred via
cannula over the course of 1 h to a solution of 2 (0.75 g, 2.83 mmol) in 200 ml CH 2C12 at
0 OC. After the addition was complete, the purple solution was stirred at 0 oC for 2 h and
at room temperature for 1 h. The reaction mixture was poured into ice water and the
yellow CH2C12 extracts were washed with saturated aqueous NaHCO3, water, and
saturated aqueous KCI. After drying the organic phase over MgSO 4, solvent removal
yielded an orange oil as the crude product. The pure product (0.060 g, 1.17 mmol) was
obtained by chromatography on silica gel using 20% CH 2C12/ 80% pentane eluent. Yield:
41%. 'H NMR (C6D6): 8 4.64 (t, 2H), 4.12 (t, 2H), 4.06 (t, 2H), 3.65 (t, 2H), 2.97 (t,
2H), 2.58 (t, 2H), 1.81 (p, 2H), 1.51 (p, 2H), 1.4-1.0 (m, 16H). IR (CH2C12) Vco: 1687
cm'.
1-Bromo-1l'-(ll-bromoundecyl)ferrocene (8). To 7 (0.360 g, 0.703 mmol) was added
trifluoroacetic acid (0.320 g, 2.81 irunol) and triethylsilane (0.164 g, 1.41 mmol). This
orange-red mixture was heated to 58±2 TC overnight. The next day, 1 ml each of
trifluoroacetic acid and triethylsilane were added and the heating was continued for an
additional 6 h during which the solution color changed from orange-red to dark olive
green. Volatiles were removed in vacuo. Diethyl ether and water were added to the green
product along with sodium bisulfite to reduce the oxidized product produced during the
reaction. Ether extracts were washed with saturated aqueous NaHCO3, water, and
saturated aqueous KCI prior to drying over MgSO4. Upon solvent evaporation, a yellow-
brown oil was obtained. Column chromatography on silica gel using pentane eluent
yielded the pure yellow product (0.220 g, 0.442 mmol). Yield: 63%. 'H NMR (C6D6): 8
4.20 (t, 2H), 3.95 (s, 4H), 3.75 (t, 2H), 2.96 (t, 2H), 2.30 (t, 2H), 1.7-0.9 (m, 18H).
1-Bromo-1'-(11-thioacetylundecyl)ferrocene (9). Potassium thioacetate (0.134 g, 1.17
mmol) was added to a solution of 8 (0.527 g, 1.06 mmol) in 30 ml ethanol. The resulting
solution was heated at reflux for 24 h and the solvent was removed leaving behind a crude
yellow product. Purification was conducted by column chromatography on silica gel using
a solvent mixture of 20% CH 2C12/80% pentane to elute the yellow product (0.440 g,
0.892 mmol). Yield: 84%. 'H NMR (C6D6): 8 4.20 (t, 2H), 3.95 (s, 4H), 3.74 (t, 2H),
2.79 (t, 2H), 2.29 (t, 2H), 1.88 (s, 3H), 1.7-1.0 (m, 18H). IR (CH2012) Vco: 1686 cm "'.
Mass spectrum: m/e (relative intensity), 495 (27), 494 (100), 493 (28), 492 (99), 414 (11),
370 (11), 71 (13), 57 (16), 55 (11), 43 (36).
1-(Cyclopentadienylmanganese tricarbonyl)- 1'-(1 l-thioacetylundecyl)ferrocene (10).
9 (0.0560 g, 0.114 mmol) and 4 (0.015 g, 0.057 mmol) were combined in a Schlenk tube
and heated to 120±2 'C for 2 h. The contents were stirred at the midway point of the
reaction. Purification of the resulting residue by column chromatography on silica gel with
25% CH2CI2/ 75% pentane eluent yielded the yellow product (0.015 g, 0.0243 mmol).
Yield: 43%. 'H NMR (C6D6): 6 4.33 (m, 2H), 4.05 (m, 2H), 4.02 (m, 2H), 3.97 (m, 2H),
3.80 (s, 4H), 2.79 (t, 2H), 2.08 (t, 2H), 1.89 (s, 3H), 1.7-1.0 (m, 18H). IR (CH2CQ2) Vco:
2017, 1930, 1686 cm'` . Mass spectrum: m/e (relative intensity), 618 (11), 617 (28), 616
(94), 534 (16), 533 (48), 532 (100), 531 (37), 514 (16), 491 (11), 490 (40), 489 (83), 456
(17), 303 (13), 272 (13), 271 (11), 221(11), 149 (13), 111 (13), 97 (16), 85 (17), 83 (12),
71 (22), 57 (27), 43 (11).
1-(Cyclopentadienylmanganese tricarbonyl)- 1 '-(11-mercaptoundecyl)ferrocene (11).
To 10 (0.015 g, 0.0243 mmol) was added 27 ml of 0.2 M KOH (0.220 g, 3.92 mmol) in
EtOH. The pale yellow solution was stirred overnight. Concentrated HCI (0.359 ml of 12
M solution, 4.31 mmol) was dripped into the reaction mixture and the product was
extracted from this solution with diethyl ether. The ether phase was washed with
saturated aqueous NaHCO3, water, and saturated aqueous KCl prior to drying over
MgSO 4 and removal of solvent. Column chromatography on silica gel using 20%
CH 2C12/80% pentane eluent yielded the yellow product (0.0135 g, 0.0218 mmol). Yield:
90%. 'H NMR (C6D6): 8 4.33 (t, 2H), 4.05 (t, 2H), 4.02 (t, 2H), 3.97 (t, 2H), 3.80 (s,
4H), 2.18 (q, 2H), 2.08 (t, 2H), 1.6-0.7 (m, 18H). IR (CH 2C12) Vco: 2017, 1930 cm-'.
Mass spectrum: mle (relative intensity), 575 (14), 574 (40), 491 (33), 490 (100), 456 (37),
454 (19), 317 (21), 303 (38), 272 (92), 271 (39), 262 (26), 129 (28), 97 (39), 83 (40), 69
(51), 57 (85).
Phenylferrocene (12).22 2.5 ml concentrated H2SO4 was added to aniline (3.75 g, 40.3
mmol) and sodium nitrite (2.90 g, 42.0 mmol) dropwise at 0 'C resulting in vigorous
bubbling and a dark purple-brown mixture. After adding 2 ml of water to the mixture, it
was transferred via cannula to a solution of ferrocene (5.00 g, 26.9 mmol) in 150 ml
glacial acetic acid at 0 'C. During the addition, the ferrocene solution turned from orange
to green to brown and a brown solid precipitated. This mixture was stirred overnight and
then poured into 550 ml of ice water. Sodium bisulfite was added to reduce any oxidized
ferrocene product. The product was extracted with diethyl ether and the ether extracts
were washed with saturated aqueous Na2CO 3, water, and saturated aqueous KCI prior to
drying over MgSO 4 and solvent removal. The dark oily crude product was purified by
column chromatography on silica gel using CH 2Cl2/hexane eluent mixtures which yielded
the pure orange product (3.79 g, 14.5 mmol). Yield: 54%. 'H NMR (acetone-d 6): 8 7.6-
7.1 (m, 5H), 4.73 (t, 2H), 4.32 (t, 2H), 4.01 (s, 5H).
Ferrocenylbenzenechromium tricarbonyl (13).15a,23 40 ml diglyme was added to 12
(5.00 g, 19.1 mmol) followed by Cr(CO)6 (1.41 g, 6.41 mmol) and the mixture was heated
to 170±10 'C. The apparatus was fitted with a motor-driven copper coil to push sublimed
Cr(CO) 6 back down the condenser into the reaction flask. During the reaction, 30 ml of a
10:1 dibutylether:THF solution was added to help keep Cr(CO)6 from accumulating in the
condenser. Extra Cr(CO) 6 (1.41 g, 6.41 mmol) was also added near the midpoint of the
reaction. The solvent was removed after 8 h leaving behind an oily orange-brown residue.
The first purification step consisted of column chromatography on alumina. The orange
product (0.526 g, 1.32 mmol) was collected with a 50% pentane/50% CH 2C2 eluent
mixture and final purification was effected by recrystallization from CH2Cl2/CH30H.
Yield: 7%. 'H NMR (acetone-dQ): 8 5.90 (d, 2H), 5.74 (t, 2H), 5.50, (t, 1H), 4.73 (t,
2H), 4.38 (t, 2H), 4.13 (s, 5H). IR (CH2C12) Vco: 1965, 1887 cm-'. Mass spectrum: mle
(relative intensity), 398 (24), 342 (11), 315 (19), 314 (61), 259 (32), 258 (100), 155 (11),
141 (16), 139 (11), 127 (17), 125 (19), 123 (10), 113 (22), 111 (26), 109 (10), 99 (28),
97 (31), 96 (11), 95 (14), 85 (46), 83 (22), 81 (14), 71 (57), 70 (12), 69 (14), 57 (59), 55
(11), 52 (12), 43 (14), 41 (12).
Ferrocenylbenzenechromium dicarbonyl triphenylphosphine (14).24 To 13 (0.0505 g,
0.127 mmol) was added 15 ml THF and excess triphenylphosphine (0.334 g, 1.27 mmol).
The resulting orange solution was irradiated with a medium pressure mercury lamp for 1.5
h while the progress of the reaction was monitored by FT-IR. The solvent was removed
leaving behind a red-orange oil which was washed with hot heptane yielding the crude
product as an orange powder. Purification was effected by recrystallization from either
C6Hdheptane or CH 2CI2/MeOH which produced orange crystals of the product (33.7 mg,
0.0533 mmol). Yield: 42%. IH NMR (acetone-d 6): 8 7.5-7.3 (m, 20H), 4.59 (m, 2H),
4.34 (m, 2H), 4.06 (s, 5H). IR (CH2CI2) Vco: 1885, 1828 cm-1. Mass spectrum: m/e
(relative intensity), 634 (1), 633 (3), 632 (3), 577 (14), 576 (29), 315 (25), 314 (48), 263
(23), 262 (99), 183 (59), 149 (38), 111 (27), 97 (41), 83 (43), 71 (67), 57 (100), 43 (77).
Ferrocenylbenzenechromium dicarbonyl tri(n-butyl)phosphine (15)." To 13 (0.202
g, 0.507 mmol) was added 25 ml THF and excess tri(n-butyl)phosphine (0.308 g, 1.52
mmol). The resulting orange solution was irradiated with a medium pressure mercury
lamp for 2 h while the progress of the reaction was monitored by FT-IR. Solvent was
removed leaving behind a red-orange oil. Recrystallization from CH2CI2/MeOH yielded
orange product crystals (0.111 g, 0.194 mmol). Yield: 38%. 'H NMR (acetone-d6): 8
5.19 (m, 2H), 4.96 (m, 3H), 4.61 (m, 2H), 4.27 (m, 2H), 4.06 (s, 5H), 1.53 (m, 6H), 1.31
(m, 12H), 0.86 (t, 9H). IR (CH 2C12) Vco: 1874, 1817 cm-'. Mass spectrum: m/e (relative
intensity), 573 (2), 572 (5), 517 (10), 516 (13), 314 (8), 263 (22), 262 (100), 254 (52),
198 (18), 141 (32), 104 (20), 97 (31), 83 (30), 76 (57), 57 (78), 43 (62).
3-Ferrocenylpropenal (16).25 Ferrocene (20.0 g, 108 mmol) was dissolved in 450 ml
CHC13 and 1,1,3,3-tetramethoxypropane (20.0 g, 122 mmol) was added to the solution.
The mixture was cooled to 0 OC and boron trifluoride etherate (230.8 g, 1.63 mol) was
added dropwise over the course of 1 h. The purple solution was stirred an additional 15
min at 0 'C, and then 1 h at room temperature and 1 h at 64±2 OC. The solution was
poured into water and the organic phase was washed with water and saturated aqueous
KCl prior to drying over MgSO 4 and removal of solvent. Purification was effected by
column chromatography on silica gel. Elution with diethyl ether yielded the dark purple-
brown product (17.4 g, 72.5 mmol). Yield: 67%. 'H NMR (CDCl3): 8 9.54 (d, 1H), 7.40
(d, 1H), 6.33 (dd, 1H), 4.54 (t, 2H), 4.50 (t, 2H), 4.16 (s, 5H).
3-Dimethylaminopropanoylferrocene hydrochloride (17). 30 ml absolute ethanol was
added to acetylferrocene (29.0 g, 127 nmmol), paraformaldehyde (4.58 g, 152 mmol), and
dimethylamine hydrochloride (12.4 g, 152 mmol). The mixture was heated to 88±2 OC
and concentrated H2SO4 (0.64 ml of 18 M, 11.5 mmol) was added. After the mixture
began to reflux, concentrated HCI (0.64 ml of 12 M, 7.68 mmol) was added and the
heating was continued for 16 h. Upon cooling the solution slowly to -40 OC, a viscous
red-brown oil formed which eventually solidified. The brown solid product (26.6 g, 82.7
mmol) was washed copiously with cold absolute ethanol and dried in vacuo. Yield: 65%.
'H NMR (DMSO-d6): 8 10.46 (b, 1H), 4.86 (b, 2H), 4.62 (b, 2H), 4.29 (b, 5H), 3.32 (b,
4H), 2.77 (b, 6H).
4-Ferrocenyl-2,2'-bipyridine (18). 50 ml glacial acetic acid was added to ammonium
acetate (53.1 g, 689 mmol) and 2-(2-pyridyl)-2-oxoethylpyridinium iodide'2 (8.15 g, 25.0
mmol). The mixture was heated at 100 °C for 10 min during which all material went into
solution. 16 (6.00 g, 25.0 mmol) was added and the mixture was heated at 105±2 OC for
3 h. Water and CH 2C12 were then added and the CH 2C12 extracts were washed with
saturated aqueous NaHCO3, water, and saturated aqueous KCl prior to drying over
MgSO 4 and removal of solvent. The crude dark brown product was purified by column
chromatography on silica gel. A 50% acetone/50% hexane solvent mixture was used to
elute the orange product (4.05 g, 11.9 mmol). Yield: 48%. 'H NMR (CDCl3): 8 8.71 (m,
1H), 8.53 (dd, 1H), 8.41 (m, 2H), 7.81 (m, 1H), 7.32 (m, 2H), 4.84 (t, 2H), 4.42 (t, 2H),
4.05 (s, 5H).
6-Ferrocenyl-2,2'-bipyridine (19). 31 ml glacial acetic acid was added to ammonium
acetate (32.9 g, 427 mmol) and 2-(2-pyridyl)-2-oxoethylpyridinium iodide'2 (5.06 g, 15.5
mmol). The mixture was heated at 100 'C for 10 min during which all material went into
solution. 17 (5.00 g, 15.5 mmol) was added and the mixture was heated at 105±2 oC for
3 h. Water and CH 2Cl2 were then added and the CH 2C12 extracts were washed with
saturated aqueous NaHCO 3, water, and saturated aqueous KCl prior to drying over
MgSO 4 and removal of solvent. The crude dark brown product was purified by column
chromatography on silica gel. A 50% acetone/50% hexane solvent mixture was used to
elute the orange product (3.06 g, 11.9 mmol). Yield: 58%. 'H NMR (CDCl3): 8 8.67 (m,
1H), 8.56 (d, 1H), 8.19 (d, 1H), 7.82 (dt, 1H), 7.70 (t, 1H), 7.41 (d, 1H), 7.29 (m, 1H),
5.01 (t, 2H), 4.40 (t, 2H), 4.04 (s, 5H).
fac-4-Ferrocenyl-2,2'-bipyridylrhenium tricarbonyl chloride (20). To 18 (0.200 g,
0.588 mmol) and Re(CO)sCI (0.213 g, 0.588 mmol) was added 30 ml isooctane. The
orange mixture was heated to 65±3 oC for 45 min during which an orange solid
precipitated from the solution. The orange product (0.293 g, 0.453 mmol) was washed
with isooctane and dried. Yield: 77%. 'H NMR (CDCl3): 8 9.04 (d, 1H), 8.77 (d, 1H),
8.23 (m, 1H), 8.01 (m, 2H), 7.48 (m, 1H), 7.40 (m, 1H), 4.83 (d, 2H), 4.61 (s, 2H), 4.11
(s, 5H). IR (CH2CI2) Vco: 2022, 1920, 1888 cm" . Mass spectrum: m/e (relative
intensity), 648 (12), 647 (12), 646 (39), 644 (21), 620 (11), 618 (37), 616 (20), 590 (58),
560 (53), 558 (28), 524 (23), 341 (24), 340 (100), 295 (11), 280 (31), 249 (10), 219 (38),
131 (25), 69 (70), 44 (14).
fac-6-Ferrocenyl-2,2'-bipyridylrhenium tricarbonyl chloride (21). To 19 (0.200g,
0.588 mmol) and Re(CO)sCI (0.213 g, 0.588 mmol) was added 30 ml isooctane. The
orange mixture was heated to 65±3 °C for 45 min during which a purple solid precipitated
from the solution. The purple product (0.277 g, 0.429 irunol) was washed with isooctane
and dried. Yield: 73%. 'H NMR (CDCl3): 8 9.05 (d, 1H), 8.20-7.80 (m, 5H), 7.46 (t,
1H), 5.10 (d, 2H), 4.56 (s, 2H), 4.12 (s, 5H). IR (CH2Cl2) Vco: 2020, 1914, 1895 cm-.
Mass spectrum: m/e (relative intensity), 646 (17), 406 (11), 341 (26), 340 (100), 339 (13),
338 (11), 276 (14), 275 (67), 263 (12), 249 (18).
4-(1'-(11-Bromoundecanoyl))ferrocenyl-2,2'-bipyridine (22). An excess of AlCl3 was
added to a solution of 6 (3.34 g, 11.8 mmol) in 15 ml CH 2Cl2 at 0 'C to form the acylating
agent. The resulting solution was transferred via cannula to a solution of 18 (2.00 g, 5.88
mmol) in 50 ml CH2CI2 at 0 'C. The mixture was stirred at 0 'C for 15 min and then at
room temperature for 1.75 h before it was poured into ice water. The organic phase was
washed with saturated aqueous NaHCO3, water, and saturated aqueous KC1 prior to
drying over MgSO 4 and removal of solvent. The product was purified by column
chromatography on silica gel. A mixture of 50% CH2C12/50% hexane was passed through
the column first to elute residual 11-bromoundecanoic acid. The pure product (1.01 g,
1.72 mmol) was eluted with a 50% diethyl ether/50% hexane mixture. Yield: 29%. 'H
NMR (CDCI3): 8 8.70 (m, 1H), 8.57 (d, 1H), 8.42 (m, 2H), 7.81 (m, 1H), 7.30 (m, 2H),
4.84 (t, 2H), 4.64 (t, 2H), 4.44 (t, 2H), 4.34 (t, 2H), 3.38 (t, 2H), 2.42 (t, 2H), 1.82 (p,
2H), 1.6-1.1 (m, 14H).
4-(1'-(11-Thioacetylundecanoyl))ferrocenyl-2,2'-bipyridine (23). 22 (1.01 g, 1.72
mmol) and potassium thioacetate (0.216 g, 1.89 mmol) were added to 20 ml EtOH. The
solution was heated to reflux for 4.5 h followed by the removal of solvent. Purification
was effected by column chromatography on silica gel. A mixture of 50% diethyl
ether/50% hexane eluted the orange product (0.760 g, 1.30 mmol). Yield: 76%. 'H
NMR (CDC13): 8 8.70 (m, 1H), 8.57 (d, 1H), 8.42 (m, 2H), 7.81 (dt, 1H), 7.30 (m, 2H),
4.85 (t, 2H), 4.65 (t, 2H), 4.44 (t, 2H), 4.34 (t, 2H), 2.84 (t, 2H), 2.43 (t, 2H), 2.30 (s,
3H), 1.6-1.4 (m, 4H), 1.4-1.1 (m, 12H).
4-(1'-(11-Mercaptoundecanoyl))ferrocenyl-2,2'-bipyridine (24). 23 (0.760 g, 1.30
mmol) was added 27 ml of 0.2 M KOH (0.304 g, 5.42 mmol) in EtOH and the resulting
solution was stirred for 2 h. 50 ml water was added and the solution was neutralized by
the dropwise addition of concentrated HC1. The product was extracted from this solution
with diethyl ether. The ether extracts were washed with saturated aqueous NaHCO 3,
water, and saturated aqueous KCI prior to drying over MgSO 4 and removal of solvent.
Purification by column chromatography on silica gel yielded the orange product (0.492 g,
0.910 mmol). Yield: 70%. 'H NMR (CDC13): 8 8.70 (m, 1H), 8.57 (d, 1H), 8.42 (m,
2H), 7.81 (dt, 1H), 7.30 (m, 2H), 4.85 (t, 2H), 4.65 (t, 2H), 4.44 (t, 2H), 4.34 (t, 2H),
2.50 (q, 2H), 2.43 (t, 2H), 1.31 (t, 1H), 1.7-1.1 (m, 16H).
6-(1'-(1 l-Bromoundecanoyl))ferrocenyl-2,2'-bipyridine (25). An excess of AlC13 was
added to a solution of 6 (3.33 g, 11.8 mmol) in 15 ml CH 2C12 at 0 'C to form the acylating
agent. The resulting solution was transferred via cannula to a solution of 19 (2.00 g, 5.88
mmol) in 50 ml CH2C12 at 0 °C. The mixture was stirred at 0 'C for 15 min and then at
room temperature for 1.75 h before it was poured it into ice water. The organic phase
was washed with saturated aqueous NaHCO3, water, and saturated aqueous KCl before
drying over MgSO 4 and removal of solvent. The product was purified by column
chromatography on silica gel. A mixture of 50% CH2CI2/50% hexane was passed through
the column first to elute residual 11-bromoundecanoic acid. The orange product (0.720 g,
1.23 mmol) was eluted with a 50% diethyl ether/50% hexane mixture. Yield: 21%. 'H
NMR (CDC13): 5 8.68 (d, 1H), 8.52 (d, 1H), 8.23 (d, 1H), 7.84 (dt, 1H), 7.75 (t, 1H),
7.36 (dd, 1H), 7.30 (m, 1H), 5.02 (t, 2H), 4.61 (t, 2H), 4.42 (t, 2H), 4.36 (t, 2H), 3.39 (t,
2H), 2.38 (t, 2H), 1.83 (p, 2H), 1.5-1.0 (m, 14H).
6-(1'-(1 -Thioacetylundecanoyl))ferrocenyl-2,2'-bipyridine (26). 25 (0.720 g, 1.23
mmol) and potassium thioacetate (0.153 g, 1.34 mmol) were added to 20 ml EtOH. The
solution was heated to reflux for 4.5 h followed by the removal of solvent. The product
was purified by column chromatography on silica gel. A mixture of 50% diethyl
ether/50% hexane eluted the orange product (0.470 g, 0.807 mmol). Yield: 66%. 'H
NMR (CDCl3): 8 8.68 (d, 1H), 8.52 (d, 1H), 8.23 (d, 1H), 7.84 (dt, 1H), 7.75 (t, 1H),
7.36 (d, 1H), 7.30 (m, 1H), 5.02 (t, 2H), 4.61 (t, 2H), 4.42 (t, 2H), 4.36 (t, 2H), 2.84 (t,
2H), 2.38 (t, 2H), 2.30 (s, 3H), 1.7-1.0 (m, 16H).
6-(1'-(11-Mercaptoundecanoyl))ferrocenyl-2,2'-bipyridine (27). 26 (0.470 g, 0.807
mmol) was added 20 ml of 0.2 M KOH (0.224 g, 3.99 mmol) in EtOH and the resulting
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solution was stirred for 2 h. 50 ml water was added and the solution was neutralized by
the dropwise addition of concentrated HCI. The product was extracted from this solution
with diethyl ether. The ether extracts were washed with saturated aqueous NaHCO3,
water, and saturated aqueous KCI prior to drying over MgSO 4 and removal of solvent.
Purification by column chromatography on silica gel yielded the orange product (0.280 g,
0.518 mmol). Yield: 64%. 'H NMR (CDC13): 8 8.68 (d, 1H), 8.52 (d, 1H), 8.23 (d, 1H),
7.83 (t, 1H), 7.75 (t, 1H), 7.36 (d, 1H), 7.30 (m, 1H), 5.02 (t, 2H), 4.61 (t, 2H), 4.42 (t,
2H), 4.36 (t, 2H), 2.51 (q, 2H), 2.39 (t, 2H), 1.58 (p, 2H), 1.31 (t, 1H), 1.5-1.0 (m, 14H).
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Chapter 3
Synthesis and Charge-dependent Reactivity Studies of Several
Cationic Rhodium and Iridium Catalyst Complexes Containing
Pendant Redox-active Metallocene Ligands
Introduction
In continuing our investigation into the use of electrochemistry as a technique to
tune the reactivity at a transition metal center, we wish to report the synthesis,
characterization, electrochemistry, and charge-dependent reactivity of a series of novel,
reversibly electroactive transition metal catalysts depicted in Scheme 1. Each of these
2+/+
Rp 2
M /M'(diene)
R4<4 PPh 2
M' M R
Rh Co H
Rh Fe Me
Ir Co H
Ir Fe Me
Scheme 1. Rhodium and iridium catalysts used for charge-dependent reactivity studies.
complexes has been synthesized and isolated in two discrete states of charge. This allows
us to assess the impact that the state of charge of the catalyst has on the rate and product
distribution of several catalytic reactions including hydrogenation, hydrosilation, and
isomerization. One catalyst has also been shown to exhibit electrocatalytic properties for
the oxidation of hydrogen and triethylsilane. Our choice to use these cationic rhodium
(Schrock-Osborn) and iridium (Crabtree) catalysts for this study was a result of the large
literature base that exists for these popularly studied systems."' 2
The concept of modifying the spectroscopic properties and/or reactivity of a
transition metal center through systematic variations in its surrounding ligands is not new.3
The resultant property changes that the metal center exhibits through the use of this
method, however, are often due to a combination of steric and electronic factors which
may not be trivial to separate.
The use of electroactive ligands to modify the spectroscopic properties" and
stoichiometric reactivity4 ,6a of transition metals to which they are bound has also been
well-studied. This method offers several unique advantages over the ligand substitution
method. Since only a simple change in the oxidation state of the pendant ligand is
required to alter the properties of the metal center its bound to, the need for the synthesis
of multiple complexes is reduced. The x-ray crystallography of several transition metal
complexes with pendant, redox-active ligands isolated in both the reduced and oxidized
states of charge has been described. 'c""7 In some cases, it was shown that a change in the
ligand oxidation state does not significantly alter the geometry of the transition metal
complex.4,' 7  Therefore, the reduced and oxidized forms of a given complex may be
isostructural which would allow the investigation of a purely electronic effect at the metal
center free from steric complications.
It has been demonstrated that the electron donating ability of pendant ligands
affects the reactivity and selectivity of homogeneous transition metal catalysts.3b,8
Although the donating ability of the ligands can be altered by either of the two methods
outlined above, no one has yet studied changes in catalyst properties stemming from
changes in the state of charge of a redox-active pendant ligand. Several researchers have
used ferrocene-based chiral9 '10 and achirall'' 1o phosphines on various rhodium reduction
catalysts to elicit certain properties, but the charge-dependent reactivity was not examined
in any case. We directly investigate charge-dependent reactivity in this chapter by
exploiting the electrochemistry of the achiral ligands 1,1'-
bis(diphenylphosphino)cobaltocene and octamethyl-1,1'-bis(diphenylphosphino)ferrocene
coordinated to rhodium and iridium metal centers.
Results and Discussion
Synthesis. The synthesis of the rhodium catalyst precursors l.]1d and 30,J3,d is
outlined in Scheme 2. Using a modification of the method of Schrock,"a ldl•d and 3,rd
are prepared from [Rh(NBD)Cl] 2 in THF by reaction with one equivalent of the desired
metallocene bisphosphine in the appropriate oxidation state in the presence of NaPF6. 3.x
is prepared directly from 3.d by oxidation with one equivalent of AgPF6 in CH2Cl2.
Although it was not attempted, reaction of the rhodium dimer with [omdppf]PF 6 in the
presence of NaPF 6 in THF may prove to be another facile route to 3ox. All of the catalyst
precursors were purified by recrystallization and attempts to use column chromatography
always resulted in decomposition. Activation of the catalyst precursors is facilitated by
the addition of H2 to acetone solutions of 1/1].d and 3d resulting in hydrogenation and
dissociation of the coordinated 2,5-norbomadiene ligand and formation of the solvated
species 2od2jd and 4,d, respectively. While the activated catalysts are stable in acetone
for a period of time, in CH2C12 they readily become inactive, most likely due to a
dimerization process which is not evident in acetone as a result of its coordinating ability.
When this activation procedure is followed for 3.x in the absence of substrate, the 4,.
formed is reduced to 4,d over the course of a few minutes. This observation, which may
suggest electrocatalytic properties for this species, is discussed in detail below.
The preparation of the iridium analogs to the Schrock-Osborn rhodium catalysts is
shown in Scheme 3. Using a modification of the Crabtree method,12 5, and 6, are
synthesized by reaction of the starting bispyridyl iridium complex with one equivalent of
the appropriate metallocene bisphosphine in acetone. 5.d is prepared by reduction of 5,
with one equivalent of cobaltocene in CH2C12 while 6. results from the oxidation of 6,d
with one equivalent of AgPF6 in CH2CQ2. The iridium catalyst precursors were purified by
recrystallization as column chromatography was not a viable route. The active forms of
these catalysts were not synthesized for analysis by H2 addition in the absence of substrate
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Scheme 3. Synthesis of the cationic Crabtree iridium catalysts.
as we described for lo, 1red and 3red. If this activation process is attempted in acetone,
upon hydrogenation and dissociation of the coordinated 1,5-cyclooctadiene ligand, a
solvento species with strongly coordinated acetone is generated rendering the catalyst
inactive. 2b'2c In CH 2C12, which cannot offer stability through coordination, a dimer is
formed which is catalytically inactive.2b2c,13 Therefore, in catalytic experiments involving
these complexes, the substrate is added prior to the addition of H2 or Et3SiH which
suppresses these deactivation processes.
As experiments were underway to investigate the electrocatalytic behavior of 3/4,
we found the need for a more basic phosphine than omdppf. We decided to synthesize
octamethyl-1,1'-bis(diethylphosphino)ferrocene (omdepf) by a route similar to that used to
make omdppf.14 However, the crystalline product we obtained exhibited paramagnetic
[Ir(
Acetone
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behavior in the 'H NMR which was not consistent with the anticipated diamagnetic
product. The crystals also appeared to be air stable which we did not expect. The
electrochemistry was investigated next, and while we expected the product to show a
redox wave further negative than omdppf due to its more basic nature, we instead found a
wave 350 mV more positive at -0.01 V vs. Fc/Fc'. Low resolution mass spectrometry
exhibited peaks characteristic of the desired product as well as peaks -127 mass units
higher. Since we were unable to determine exactly what compound had been made from
this analytical data, a crystal structure was done. The solid state structure clearly showed
that the product consisted of the desired ligand coordinated to an FeCl2 fragment (7,
Figure 1). This result explains the paramagnetic behavior, enhanced stability, and higher
oxidation potential than omdppf that was observed. As we describe below, the
coordinated FeCl2 can be readily replaced and 7 can be used directly like omdppf to make
rhodium catalyst complexes. Hence, it is a useful "protected" synthon for a very basic
phosphine.
8,d was synthesized by a method analogous to that described for 3r, above using
7 and NaCO14. 8 was prepared in the hopes that it would facilitate the electrocatalysis of
hydrogen or triethylsilane oxidation to an even greater extent than 3/4 by lowering the
required anodic potential due to its increased basicity. The perchlorate salt was chosen
since it lends alcohol solubility to 8r, which was necessary for conducting some of the
experiments described in Chapter 4 involving the attempted immobilization of 8 on an
electrode surface in Nafion.
The preparation of 7-methyl-2,5-norbomadiene (9) was carried out using a
modification of the literature procedure. 15 Due to the considerable volatility of this
material, careful distillation followed by preparative gas chromatography was required to
achieve complete removal of benzene from the product. The same procedures were
followed when tetralin was used as the reaction solvent. The synthesis of 7-t-
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butoxynorbornane' 6 (10) presented similar problems with volatility as 9 and the same
purification procedure was necessary.
X-ray Crystallography. In the synthesis of 7 described above, we obtained yellow-
brown, paramagnetic, air-stable product crystals upon purification. We had expected to
obtain the diamagnetic metallocene omdepf from this synthesis. Due to the
paramagnetism, no structural information could be gleaned from the 'H NMR and no
signals at all were detected in the 31P NMR. Low resolution mass spectrometry provided
information consistent with the formation of the desired product. However, it also
showed signals ~127 mass units higher. Cyclic voltammetry revealed a reversible redox
couple significantly more positive than we expected. Since we had X-ray quality crystals
of the material, a solid state structure was obtained to unequivocally determine the identity
of the product.
The ORTEP diagram for the solid state structure of 7 is shown in Figure 1. The
experimental details of the data collection and structure solution are displayed in Table 1,
the positional and thermal parameters in Table 2, and selected bond lengths and angles in
Table 3. The structure clearly shows the target molecule along with an FeCl2 fragment
coordinated between the phosphorus atoms. The coordinated FeCl2 moiety is responsible
for the paramagnetic behavior observed in the NMR spectra of the product, the enhanced
air-stability, and the high redox potential that was measured. We found that this form of
the ligand is actually an asset since the FeCl2 coordination lends air stability to the
phosphine while allowing it to be used to directly synthesize rhodium catalysts in a manner
similar to that of an uncoordinated ligand like omdppf.
As discussed above, several reports have been published which address the
crystallography of transition metal complexes with pendant redox-active ligands isolated in
two discrete states of charge. We chose to investigate the crystal structures of the lo/dl
and 3.0/3r catalyst systems to determine if any significant structural changes result from
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Figure 1. ORTEP diagram of 7 drawn with 35% probability ellipsoids. All non-hydrogen
atoms were refined anisotropically.
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Table 1. Experimental details for the x-ray crystallography of 7.
A. Crystal Data
Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions (mm)
Crystal System
Number of Reflections Used for Unit
Cell Determination (20 range)
Aco 1/2
Lattice Parameters:
Space Group
Z value
Dcalc
Fooo
t(MoKoa)
C26H44P 2C12Fe2
601.18
yellow-brown, prismatic
0.60 X 0.50 X 0.25
monoclinic
25 (42.8 - 44.90)
0.31
a = 8.757(2) A
b = 11.276(2) A
c = 15.294(2) A
P= 102.23(2)0
V = 1476.0(5) A3
P2/n (#13)
2
1.353 g/cm3
632
12.85 cm-
B. Intensity Measurements
Diffractometer
Radiation
Temperature
Take-off Angle
Detector Aperture
Crystal to Detector Distance
Scan Type
Scan Rate
Scan Width
20max
Number of Reflections Measured
Rigaku AFC6S
MoKx (X = 0.71069 A)
23 oC
6.00
6.0 mm horizontal
6.0 mm vertical
40 cm
co-28
32.00 /min (in omega)
(8 rescans)
(1.63 + 0.35 tan0)o
55.00
Total: 3787
Unique: 3563
(Rint = .036)
| -
Corrections Lorentz-polarization
Absorption
(trans. factors: 0.81 - 1.07)
Secondary Extinction
(coefficient: 0.21383E-07)
C. Structure Solution and Refinement
Structure Solution
Refinement
Function Minimized
Least-squares Weights
p-factor
Anomalous Dispersion
No. Observations (I>3.00cr(I))
No. Variables
Reflection/Parameter Ratio
Residuals:
Goodness of Fit Indicator
Max Shift/Error in Final Cycle
Maximum Peak in Final Diff. Map
Minimum Peak in Final Diff. Map
Direct Methods
Full-matrix least-squares
yw (IFol- IFjl) 2
4Fo2/&(Fo2)
0.01
All non-hydrogen atoms
1525
147
10.37
R = Y IIFol - IFJI/fY IFol = 0.045
Rw = [(Xw (IFol - IFl)2/ Xw Fo2)]" 2 = 0.043
2.82
0.00
0.40 e /A3
-0.48 e/A 3
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Table 2. Positional and thermal parameters for the solid state structure of 7.
atom x y z B(eq)'
Fe(1) 3/4 0.4446(1) 1/4 1.89(5)
Fe(2) 3/4 0.0536(1) 1/4 2.90(6)
Cl 0.5503(2) -0.0450(2) 0.1653(1) 4.99(9)
P(1) 0.6616(2) 0.1910(1) 0.3555(1) 2.45(7)
C(1) 0.8882(6) 0.5056(5) 0.3679(4) 2.4(3)
C(2) 0.7360(6) 0.5517(5) 0.3581(3) 2.6(3)
C(3) 0.6288(6) 0.4551(5) 0.3507(3) 2.3(2)
C(4) 0.7180(6) 0.3465(5) 0.3555(4) 2.1(2)
C(5) 0.8800(6) 0.3791(5) 0.3665(4) 2.2(3)
C(6) 1.0193(6) 0.2988(5) 0.3829(4) 3.1(3)
C(7) 1.0370(7) 0.5769(5) 0.3826(4) 3.6(3)
C(8) 0.6941(7) 0.6797(5) 0.3592(4) 3.9(3)
C(9) 0.4561(7) 0.4707(5) 0.3441(4) 3.7(3)
C(10) 0.4497(6) 0.1837(5) 0.3447(4) 3.4(3)
C(11) 0.7356(6) 0.1478(5) 0.4734(4) 3.2(3)
C(12) 0.3939(7) 0.0601(6) 0.3630(4) 4.8(3)
C(13) 0.6657(7) 0.2142(5) 0.5416(4) 4.1(3)
a 87C2 3 3
Be =--3 iX• Uaaa*ia a, '
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Table 3. Selected bond lengths and angles for the solid state structure of 7.
Distances
4.409(2) AFel-Fe2
Fe2-Cl
Fe2-PI
Fe1 -Cp centroid
2.238(2)
2.476(2)
1.649(7)
Angles
P-Fe-P
Cl-Fe-CI
102.55(8)0
120.5(1)0
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oxidation state changes in the pendant metallocene ligands. Lorkovic' 7 has obtained the
crystal structure of Ird, but the structure of lo, was not achieved due to desolvation
problems with the crystals. We attempted to obtain the crystal structure of 1.
recrystallized from 1,2-dichloroethane (1,2-DCE)/methylcyclohexane using low
temperature collection techniques. Although the crystal retained the entrained solvent
over the course of the data collection, we were unable to successfully refine the structure.
Several attempts were made to grow crystals of 3.x suitable for x-ray diffraction.
However, poor crystal formation and desolvation precluded successful structure
determination in all cases. We were able to obtain the crystal structure of 3rd
recrystallized from CH 2CI2/Et 20. The ORTEP diagram for 3 rd is shown in Figure 2. The
experimental details of the data collection and structure solution are displayed in Table 4,
and the positional and thermal parameters in Table 5. The key bond distances and angles
for 3,d listed in Table 6 are very similar to those found for both ir" 17 and
[(dppf)Rh(NBD)]C10 4.llb However, without solid state structures for 1. or 3., we were
unable to determine what structural changes, if any, occur upon oxidation of 1,d and 3d.
Electrochemistry of the Free Ligands and the Catalyst Complexes. The
electrochemistry of the free metallocene bisphosphine ligands and the rhodium and iridium
catalyst precursor complexes containing them was carried out in CH 2C12 or acetone
containing 0.1 M TBAPF6 supporting electrolyte in the drybox. The potentials of the
compounds versus the ferrocene/ferrocenium couple are displayed in Table 7. The very
low oxidation potential of dppc, 790 millivolts negative of omdppf, is representative of the
facile oxidation of a 19 e- species to 18 e-. Upon coordination of dppc to either the
rhodium or iridium center, a shift of -300 mV to more positive potentials is detected in
the ligand-centered oxidation wave. A positive shift of -460 mV is also observed upon
omdppf coordination to these metal centers. These positive shifts are indicative of a
transfer of electron density from the metallocene ligand to the rhodium or iridium metal
111
Figure 2. ORTEP diagram of 3,j drawn with 35% probability ellipsoids. All non-
hydrogen and non-carbon atoms were refined anisotropically. The carbon atoms were
refined isotropically.
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C28
C34
C18
C49
,C43
C47
C3AC)ý C4
113
Table 4. Experimental details for the x-ray crystallography of 3,.
A. Crystal Data
Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions (mm)
Crystal System
Number of Reflections Used for Unit
Cell Determination (20 range)
A10/2
Lattice Parameters:
Space Group
Z value
Dcalc
Fooo
ýt(MoKa)
C49H52F6P3FeRh
1006.61
orange, parallelpiped
0.20 X 0.20 X 0.30
monoclinic
25 (12.2 - 17.40)
0.31
a = 11.102(3) A
b = 17.869(5) A
c = 22.924(6) A
= 103.22(2)'
V = 4427(4) A3
P21/c (#14)
4
1.510 g/cm 3
2064
8.59 cm'
B. Intensity Measurements
Diffractometer
Radiation
Temperature
Take-off Angle
Detector Aperture
Crystal to Detector Distance
Scan Type
Scan Rate
Scan Width
20max
Number of Reflections Measured
Rigaku AFC6R
MoKa (X = 0.71069 A)
23 oC
6.00
6.0 mm horizontal
6.0 mm vertical
40 cm
c-20
8.00 /min (in omega)
(8 rescans)
(1.10 + 0.35 tanO)o
55.00
Total: 11025
Unique: 10496
(Rint = .130)
Corrections Lorentz-polarization
Absorption
(trans. factors: 0.77 - 1.20)
C. Structure Solution and Refinement
Structure Solution
Refinement
Function Minimized
Least-squares Weights
p-factor
Anomalous Dispersion
No. Observations (I>3.007(I))
No. Variables
Reflection/Parameter Ratio
Residuals:
Goodness of Fit Indicator
Max Shift/Error in Final Cycle
Maximum Peak in Final Diff. Map
Minimum Peak in Final Diff. Map
Patterson Method
Full-matrix least-squares
Xw (IFol - IFjl) 2
4Fo2 /o(Fo 2)
0.03
All non-hydrogen atoms
4908
296
16.58
R = Y IIFol - IFlII/Y IFol = 0.064
Rw = [(Xw (IFol - IFJ) 2/ Yw Fo2)]' 2 = 0.076
1.89
0.02
0.90 e/Al3
-0.85 e /A3
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Table 5. Positional and thermal parameters for the solid state structure of 3,d.
atom x y z B(eg)a
Rh(1)
Fe(l)
P(1)
P(2)
P(3)
F(1)
F(2)
F(3)
F(4)
F(5)
F(6)
C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(30)
0.15996(6)
0.5141(1)
0.1997(2)
0.3449(2)
0.2007(3)
0.1255(8)
0.2406(7)
0.3202(7)
0.0828(6)
0.1587(6)
0.2750(7)
0.0513(9)
0.0985(8)
-0.0434(9)
0.0069(8)
-0.0765(9)
0.0024(9)
-0.117(1)
0.3535(7)
0.4355(7)
0.5442(8)
0.5326(8)
0.4161(7)
0.4856(7)
0.4986(8)
0.6200(8)
0.6772(9)
0.5985(8)
0.4161(9)
0.651(1)
0.626(1)
0.3697(8)
0.4104(9)
0.674(1)
0.806(1)
0.633(1)
0.1404(7)
0.1484(9)
0.112(1)
0.067(1)
0.78955(4)
0.73162(7)
0.7328(1)
0.7548(1)
0.0857(2)
0.0250(4)
0.0242(4)
0.0685(4)
0.1042(4)
0.1469(4)
0.1479(4)
0.7938(6)
0.8630(5)
0.8009(6)
0.8683(5)
0.7934(6)
0.9077(5)
0.8750(6)
0.7052(5)
0.7424(5)
0.6987(5)
0.6363(5)
0.6388(5)
0.7636(5)
0.8289(5)
0.8245(5)
0.7601(6)
0.7206(5)
0.8125(6)
0.7135(6)
0.5747(6)
0.5802(5)
0.8919(6)
0.8824(7)
0.7355(7)
0.6506(7)
0.7908(5)
0.8673(6)
0.9145(6)
0.8831(7)
0.30411(3)
0.42272(5)
0.4011(1)
0.27756(9)
0.3429(1)
0.3689(4)
0.3015(3)
0.3922(3)
0.2915(3)
0.3831(3)
0.3165(4)
0.2134(4)
0.2273(4)
0.2962(4)
0.3097(4)
0.2295(4)
0.2493(4)
0.2122(5)
0.4441(3)
0.4942(3)
0.5117(4)
0.4747(4)
0.4310(4)
0.3369(3)
0.3746(4)
0.4132(4)
0.4001(4)
0.3526(4)
0.5260(4)
0.5633(4)
0.4780(5)
0.3846(4)
0.3719(4)
0.4600(5)
0.4321(5)
0.3260(5)
0.4550(4)
0.4512(4)
0.4932(5)
0.5378(5)
1.81(2)
1.87(5)
1.70(8)
1.74(8)
3.0(1)
8.0(5)
6.6(4)
7.2(4)
6.0(4)
5.0(3)
7.0(4)
3.6(2)
2.8(2)
3.4(2)
2.7(2)
3.6(2)
2.8(2)
3.8(2)
1.6(1)
1.9(1)
2.3(2)
2.3(2)
1.9(1)
1.9(1)
2.3(2)
2.7(2)
2.9(2)
2.5(2)
3.2(2)
3.8(2)
4.0(2)
2.8(2)
3.3(2)
4.5(2)
4.7(3)
4.2(2)
2.2(1)
3.1(2)
4.2(2)
4.5(2)
116
C(31) 0.0970(9) 0.7605(6) 0.5013(4) 3.0(2)
C(32) 0.1137(7) 0.6430(5) 0.3996(4) 2.0(1)
C(33) 0.1418(8) 0.5945(5) 0.4483(4) 2.5(2)
C(34) 0.078(1) 0.5284(6) 0.4477(5) 3.7(2)
C(35) -0.015(1) 0.5105(6) 0.3993(5) 3.7(2)
C(36) -0.0429(9) 0.5572(6) 0.3513(4) 3.1(2)
C(37) 0.0233(8) 0.6245(5) 0.3509(4) 2.4(2)
C(38) 0.3341(7) 0.6645(5) 0.2386(4) 2.0(2)
C(39) 0.2313(8) 0.6203(5) 0.2356(4) 2.4(2)
C(40) 0.217(1) 0.5538(6) 0.2045(4) 3.5(2)
C(41) 0.305(1) 0.5310(7) 0.1746(5) 4.2(2)
C(42) 0.406(1) 0.5765(6) 0.1749(5) 3.6(2)
C(43) 0.4204(8) 0.6436(6) 0.2062(4) 2.8(2)
C(44) 0.3828(7) 0.8138(5) 0.2193(4) 2.0(1)
C(45) 0.4744(9) 0.8690(6) 0.2315(4) 3.2(2)
C(46) 0.502(1) 0.9128(7) 0.1872(5) 4.5(2)
C(47) 0.439(1) 0.9009(6) 0.1285(5) 4.0(2)
C(48) 0.348(1) 0.8489(6) 0.1147(4) 3.5(2)
C(49) 0.3211(8) 0.8045(5) 0.1597(4) 2.9(2)
C(29) 0.059(1) 0.8080(6) 0.5427(5) 3.8(2)
3 11 
-
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Table 6. Selected bond lengths and angles for the solid state structure of 3•,.
Distances
RhI-Fel
Rh1-P1
RhI-P 2
Rht-C 1
Rhl-C 2
RhI-C 3
RhI-C 4
Fel-Cp centroid(Cs-C 12)
Fet-Cp centroid(C13-C17)
Angles
PI-Rh-P 2
midpoint(Ci-C 2)-Rh-midpoint(C 3-C4)
4.363(2) A
2.391(2) A
2.355(2) A
2.15(1) A
2.177(9) A
2.23(1) A
2.233(9) A
1.637(1) A
1.647(2) A
98.16(8)0
680
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Table 7. Redox potentials for the free metallocene ligands and the catalyst complexes.
Compound Solvent Eln2, V vs. Fc/Fc
omdppf' /+
dppco'/
7
12+/+
3 2/+
52+/+
62+/+
12+/+
22+/+
32+/+
42+/+
CH 2C12
CH2C12
CH2Cl2
CH 2C12
CH 2C12
CH2C12
CH2C12
Acetone
Acetone
Acetone
Acetone
-0.36
-1.15
-0.01
-0.84
0.11
-0.86
0.13
-0.89
-0.97
0.10
0.01
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center. When we examined the electrochemistry of 7, its ferrocene-centered redox wave
was found to be 350 mV positive of omdppf since the phosphine is coordinated to an
FeC12 fragment.
Since acetone can coordinate to and stabilize the active catalysts 2 and 4 formed
by the hydrogenation and dissociation of NBD from 1 and 3, respectively, the
electrochemistry was also performed in this solvent to assay the change in electron density
which results on the metal complex upon activation by H2. The data show that the redox
potentials for the catalyst precursor complexes 1 and 3 in acetone are very similar to the
potentials measured in CH2C12. Upon activation of the catalysts to form 2 and 4 by the
addition of H2, the redox potentials shift 80-90 mV negative. This indicates that the
solvated active catalysts are more electron rich than the rhodium precursor diolefin
complexes.
Catalytic Hydrogenation/Isomerization Reactions. For all the catalytic
hydrogenation/isomerization reactions described in this section, the first process which
occurs upon admission of H2 to the system is the hydrogenation and dissociation of the
catalysts' coordinated diene yielding the active catalyst. To determine the rate of this
activation process, preliminary experiments were conducted to measure the catalytic
hydrogenation rate of NBD with lodlrd in acetone and COD with both 50J/5,r and 6.,j 6
in 1,2-DCE (Table 8). In all cases, the reduced catalyst was found to be 1.3-1.6 times
faster than the oxidized catalyst. For the hydrogenation of NBD in acetone by lo,/1rd, the
primary product norbornene as well as some nortricyclene (identified by its mass
spectrum"' ) are formed. Both of these products result from the reaction of one equivalent
of H2 with coordinated NBD. Norbornane is not formed until almost all of the NBD is
converted to norbornene. The iridium catalysts 5.d/5r and 6,dv, exhibit different
behavior directly forming cyclooctane as the primary product in 1,2-DCE with only a
relatively small amount (7-24%) of cyclooctene formation occurring during the experiment
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Table 8. Data for several catalytic
20.0±0.5 'C under 870 torr H2.
Cat. Precursor
lox
Ired
5ox
5red
6ox
6red
lox
lmd
lox
Ired
Ired
Irel
Solvent
Acetone
Acetone
1,2-DCE
1,2-DCE
1,2-DCE
1,2-DCE
Acetone
Acetone
Acetone
Acetone
Acetone
Acetone
hydrogenation/isomerization reactions of 1, 5 and 6 at
[Substrate], mM [Complex], mM Rate, mM/min
NBD
270 0.50 0.29a
250 0.54 0.47
COD
100 1.0 0.67b
100 1.0 0.85
100 1.0 0.67
100 1.0 0.82
1-pentene
830 1.0 0.06/0.02c
830 1.2 2.0/5.6
Acetone
Solvent 1.7 0.0032
Solvent 0.52 0.042
Solvent 1.1 0.061
Solvent 4.4 0.011
of norbornene formation for loIl,,/.
of 1,5-COD consumption for 5,J5,/,d and 6.,6rd, 760 torr H2.
of 1-pentene hydrogenation/isomerization.
aRates
bRates
cRates
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(Figure 3). Although it is expected to be first order, the order of each reaction in catalyst
still needs to be determined by future experiments in which the catalyst concentration is
varied.
Qualitative UV-vis data were recorded for these diolefin hydrogenation reactions
of 1o1,x , 3,,J3rw, 5.xJ5r, and 6.J6,d. By monitoring the absorption band(s) of the
diolefin complexes during the reaction, direct information pertaining to the degree to
which the catalyst is tied up by the substrate and hence relative speeds of substrate
association, hydrogenation and dissociation from the metal center can be obtained. All of
the rhodium diolefin complexes exhibit a characteristic absorption band at 450-470 nm.
For the hydrogenation of NBD catalyzed by 1oJl,~ in acetone, CH 2CI2, or 1,2-DCE as
well as 3 .,J3,j in CH2C12 or 1,2-DCE, no decrease in this absorption band is observed
after admission of H2 indicating that substrate association is faster than substrate
hydrogenation and/or dissociation. However, the hydrogenation of NBD by 30./3, in
acetone shows a decrease in the diolefin complex absorption of greater than 50%
indicating that association of the substrate is relatively slow under these conditions and
that a significant about of the catalyst possibly exists as the solvated active species 4 x/J4,d.
An interesting spectral change was also observed for 3.x during this experiment providing
an indication that under these conditions 3.x is reduced forming 3d. This process is
described in further detail below. The iridium diolefin complexes 5,/J5r and 6,/J6r have
UV-vis absorptions at 390, 495, and 580 nm which were monitored during the
hydrogenation of COD in 1,2-DCE. For each iridium complex, a decrease of roughly
60% in these absorptions was observed after admission of H2 to the vessel. This behavior
is similar to that of 3,J3. and is indicative of a sluggish substrate association step.
Since many of the kinetics studies involving the 10o.l catalyst system were
carried out in acetone, we found it necessary to establish the rate at which the
hydrogenation of acetone to isopropanol occurs with these catalysts. Admission of H2 to
lox and led in acetone effects the hydrogenation of the coordinated diene on the catalysts
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Figure 3. Hydrogenation of 1,5-cyclooctadiene catalyzed by 5.x in 1,2-DCE. The top
portion shows the disappearance of 1,5-cyclooctadiene coupled with the appearance of
cyclooctane. The bottom depicts the transient formation of cyclooctene during the
experiment.
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forming the solvated active catalysts 2., and 2,~, respectively. As shown in Table 8, the
overall rate of acetone hydrogenation is fairly slow for both 2., and 21rd. However, 2,d is
as least an order of magnitude faster than 2,, for this process. In the reactions involving
the substrates 1-pentene and cyclohexene described below, it is important to point out that
isopropanol formation was never observed. This may be attributed to that fact that the
alkenes are more favorable substrates than acetone for these catalyst systems.
In order to carry out hydrogenation/isomerization studies on other substrates in
acetone, 1., and 1,r were first activated by H2 to form 2. and 2r prior to the addition of
substrate. Using 1-pentene as a substrate, we found that only pentane and cis- and trans-
2-pentene were formed. The rates we observed for these processes revealed not only a
difference in speed between the two catalysts but a difference in product distribution as
well (Table 8, Figure 4). 2, is faster than 2.x for catalyzing both hydrogenation and
isomerization of 1-pentene and 2r forms more of the isomerization products while 2.
forms more of the hydrogenation product. After following the reaction for 150 min, one
equivalent of cobaltocene (CoCp2) was added to the 2., solution in order to determine if
chemical reduction of the catalyst in situ would cause it to exhibit the properties of 2,d
produced from Ird. As soon as the reductant was added, the activity of the catalyst
increased to a level similar to that observed for the authentic sample of 2,d. However,
when we attempted to reoxidize the catalyst at the 215 min mark with the addition of one
equivalent of decamethylferrocenium hexafluorophosphate (Fc*PF6), the hydrogenation
and isomerization slowed but did not stop as we would have expected from the
reformation of 20,. We attribute this observation to some decomposition process which
occurred over the course of the reaction forming a catalytically active species unaffected
by the addition of oxidant.
Data for the catalytic hydrogenation of cyclohexene by o1x/~d in acetone and
lox/lred 3x/3red, 5x/5red, and 6/J6.w in CH 2C12 are listed in Table 9. The iridium catalysts
could not be studied in acetone since it binds quite strongly to the activated catalyst which
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Figure 4. Hydrogenation/isomerization of 1-pentene catalyzed by 2,, (top) and 2.x
(bottom) in acetone at 20.0±0.5 'C under 870 torr H2. After 150 and 215min, 1
equivalent of CoCp2 and Fc*PF6, respectively, were added to the solution of 2.x.
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Table 9. Data for the catalytic hydrogenation of cyclohexene in acetone and CH2C 2 at
20.0±0.5 'C under 870 torr H2.
Catalyst Solvent [C6Ho], [Catalyst], Rate, Percent
Precursor M mM mM/min Completion
1, Acetone 0.90 4.0 0.14
1, Acetone 0.90 2.2 0.21
lox Acetone 0.90 1.8 0.14
lox Acetone 0.90 0.44 0.043
1, Acetone 0.90 4.0 3.5
1,d Acetone 0.90 2.7 4.0
1L Acetone 1.0 2.4 1.6
ld Acetone 0.82 0.49 1.4
lo, CH2Ca2  1.0 2.1 1.8 100
1m CH2C1 2  1.0 2.2 1.9 90
30x CH2C12  1.0 1.0 2.9 100
3,d CH2CI 2  1.0 1.2 2.8 30
50x CH2CI 2  1.0 1.7 2.9 100
5rd CH2CI 2  1.0 1.8 6.5 20
6.x CH2C12  1.0 0.79 3.6 72
6d CH2C12 1.0 0.97 2.7 50
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precludes catalytic activity. The sole product in each system is cyclohexane. The data
taken in acetone again denote the superior reactivity of 2,r over 2., for hydrogenation
reactions with 2r,u proceeding by at least an order of magnitude more rapidly in all cases.
Since multiple concentrations of lo and 1,. were used for the studies in acetone, we
attempted to determine the order of the reaction in catalyst. The data, which were quite
scattered, suggested an order of 0.5 or less for both 2,. and 2.,. This may indicate the
presence of a catalytically inactive dimer as the resting state of the catalyst which must
dissociate before catalysis can take place. However, these experiments need to be
repeated to try to obtain data with less scatter leading to more accurate order
determinations. As we demonstrated with 1-pentene above, the addition of chemical
oxidants and reductants can be used to alter the rate of hydrogenation of cyclohexene in
situ (Figure 5). At a catalyst concentration of 4.0 mM, 2, was found to hydrogenate
cyclohexene at a rate of 3.5 mM/min. Addition of one equivalent of Fc*PF 6 led to a rate
decrease of more than an order of magnitude. This was consistent with the formation of
2.,. Re-reduction of the catalyst by addition of one equivalent of CoCp2 resulted in full
recovery of catalytic reactivity to the level observed for 2,, prior to the oxidation.
In CH2C12, similar trends in rate were observed with the reduced catalysts
exhibiting similar or greater reactivity than the oxidized catalysts. Only in the case of
6
,J6 ,6 was the oxidized catalyst significantly faster than the reduced. For I.x and 1,. in
CH 2C12 , the hydrogenation rates are basically the same while greater than an order of
magnitude difference exists in acetone. This suggests that in a coordinating solvent such
as acetone, there is a greater amount of solvent interaction with the oxidized catalyst than
the reduced catalyst which results in lower catalytic activity for the oxidized species. In a
relatively non-coordinating solvent like CH2C02, these differences do not materialize. The
largest rate difference in CH2CI2 was found with the 5o]5, system in which 5, is 2.2
times faster than 5o.. Thus, CH2C12 may be a better solvent than acetone for establishing
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Figure 5. Hydrogenation of cyclohexene catalyzed by 2 in acetone under 870 torr H2.
After 100 and 200 min, 1 equivalent of Fc*PF6 and CoCp 2, respectively, were added.
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the magnitude of charge-dependent reactivity differences with these catalyst complexes
due to its lack of coordinating ability.
It is also important to examine the data in Table 9 which represents the degree to
which each reaction proceeds to completion. We note in all cases that the oxidized form
of each complex catalyzed the hydrogenation to a greater extent than the reduced form
before becoming inactive. Crabtree 2b'2c. 13 found that a non-reversible oligomerization of
the catalyst monomers in analogous iridium systems as the concentration of substrate
decreases results in trihydride-bridged dimers which are not catalytically active. Based on
this observation, one possible explanation for the enhanced stability of the oxidized
catalysts could be attributed to electrostatics as depicted in Scheme 4. It is reasonable to
assume that a greater amount of electrostatic repulsion must be overcome for two
dications of the oxidized catalyst to dimerize and form the tricationic trihydride-bridged
dimer than for two monocations of the reduced catalyst to dimerize forming the
monocationic dimer. Hence, the dimerization of the reduced catalyst monocations could
be a more facile process resulting in quicker catalyst deactivation in decreasing substrate
concentrations than the dicationic oxidized species. A similar process may be occurring
for the rhodium catalysts as well. 19' 20 Future work is needed to positively identify the
deactivation products for each of these catalytic species.
Catalytic Hydrosilation/Isomerization Reactions. As of this writing, hydrosilation
reactions have only been pursued with the rhodium catalyst systems ldles and 3.J30,.
In investigating the hydrosilation of acetone to form isopropoxytriethylsilane, 1.x and l1d
were first activated by H2 forming 2. and 2.red. H2 was purged from the vessel, and
triethylsilane was added. Rate data for this reaction is displayed in Table 10. In addition
to isopropoxytriethylsilane formation, some triethylsilanol and hexaethyldisiloxane are also
formed during the reaction. In opposition to the trend observed for the hydrogenation
reactions, the oxidized catalyst is faster for the hydrosilation of acetone than the reduced
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Table 10. Data for catalytic hydrosilation reactions of 1 at 20.0±0.5 oC.
Cat. Precursor Solvent
lox
lox
lox
lox
lox
lox
lox
Ired
lred
Ired
ired
Ired
Ired
Acetone
Acetone
Acetone
Acetone
Acetone
Acetone
Acetone
Acetone
Acetone
Acetone
Acetone
Acetone
THF
THF
[Substrate], mM
Acetone
Solvent
Solvent
Solvent
Solvent
Solvent
Solvent
Solvent
Solvent
Solvent
Solvent
Solvent
Solvent
2-Pentene
390
390
[Complex], mM Rate, mM/min
0.16
0.70
1.6
1.7
3.4
4.3
4.5
0.19
0.75
1.5
4.9
5.0
0.93
0.95
0.19
0.89
1.3
1.5
2.0
2.0
2.4
0.16
0.29
0.34
0.61
0.45
1.1
0.45
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form with rate differences within an order of magnitude. The catalyst concentration was
varied for these experiments allowing calculation of the order of the reaction in catalyst.
The order was determined to be 0.5 or less for both 2.x and 2rd, similar to the catalyst
order we found for the hydrogenation of cyclohexene by these species. Figure 6 shows
that the addition of chemical oxidants and reductants can be used to change the catalyst
properties in situ by changing its state of charge. At a catalyst concentration of 3.4 mM,
2,. was found to form isopropoxytriethylsilane at a rate of 2.0 mM/min. Upon addition of
one equivalent of CoCp2, the rate of product production dropped to 0.13 mM/min,
characteristic of the reduced complex 2,d. When one equivalent of Fc*PF6 was added to
the reaction in order to reform 2.x, the catalyst activity increased again. However, its rate
was now less than half of that which was measured for 2,. prior to the reduction by
CoCp2, possibly due to decomposition which most likely occurred while the catalyst was
in the reduced state. As we observed with the hydrogenation reactions, the oxidized form
of the catalyst is more robust than the reduced form for the hydrosilation reactions.
Although a full kinetics study of the hydrosilation of acetophenone in CH 2C12 has not been
carried out at this time, the research would be warranted since preliminary NMR data
(without prior activation of the catalysts by H2, see immediately below) indicate that 1,•d is
completely inactive for this reaction while 1,, readily catalyzes product formation.
In conducting experiments to look at the hydrosilation of alkenes, we found that
catalytic activity can be observed even if 10, and 1r, are not activated with H2 prior to the
addition of triethylsilane. In an NMR tube reaction in CD2C12 without activation of the
catalysts, we found not only a rate difference between the two forms of the catalyst for the
hydrosilation/isomerization of 1-hexene but a difference in product distributions as well.
1,x is approximately 7 times faster than 1,j for the conversion of 1-hexene to cis- and
trans-2-hexene and hexyltriethylsilane. The oxidized catalyst also favors hydrosilation
over isomerization with its product mixture consisting of 70% hexyltriethylsilane and 30%
2-hexenes while the product distribution is reversed for the reduced catalyst consisting of
135
Figure 6. Hydrosilation of acetone at 20.0±0.5 'C catalyzed by 2. At 65 and 125 min, 1
equivalent of CoCp2 and Fc*PF6, respectively, were added.
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15% silane and 85% 2-hexenes. An induction period of about 10 min for 1. and 40 min
for l.d was observed before product formation began. One other important property of
this reaction was found in the 'H NMR. During the period of time that data was collected,
the NMR only revealed the resonances of the non-activated catalysts l, and 1,.d. Based
on this information, the observed reactivity is probably due to a small concentration of the
active catalyst 2o/2,. which forms more quickly for 1.. than 1,, and which cannot be
detected by NMR during the timescale of the experiment. The active species could be
formed by either thermal dissociation or hydrosilation followed by dissociation of NBD
from the catalyst complex. No evidence of hydrosilated NBD was observed in this
reaction, and when the process was repeated in the presence of both triethylsilane and 100
mM NBD, no hydrosilation or isomerization of 1-hexene or NBD was detected. Further
studies were carried out to investigate the possibilities of active catalyst formation via
NBD dissociation by measuring the charge-dependent rates of NBD substitution for both
l,. and 1, (see below). The hydrosilation/isomerization of 1-pentene was attempted in
an analogous manner in acetone-d6. However, the hydrosilation of acetone turned out to
be a significant competing reaction. The interest in conducting these
hydrosilation/isomerization reactions without catalyst activation by H2 stems from the fact
that the NBD coordinated catalysts l,. and lIw are much more durable than the "naked"
catalysts 2.x and 2,d.
An interesting observation was made when 3. and 3,, (without activation) were
used to examine the hydrosilation/isomerization of 1-pentene in CD2C1 2. While 3 ,.d
produced a mixture of products consisting of 30% pentyltriethylsilane and 70% 2-pentenes
in a manner analogous to 1., 3ox was immediately reduced to 3rd upon addition of
triethylsilane to the solution. This eliminated the possibility of a rate comparison between
the oxidized and reduced forms of this catalyst. However, this reduction process, unique
to 3.. and 4.. among the catalysts used in this study, is itself significant for possible
electrocatalytic applications and is discussed in detail below.
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Finally, the catalytic hydrosilation/isomerization of 2-pentene to 1-
pentyltriethylsilane was run in THF. THF allows activation of lx, and 1,. to 2.x and 2,d,
respectively, prior to the addition of triethylsilane without catalyst decomposition and
eliminates competing reactions in which the solvent acts as a substrate as in the case of
acetone. 2.x was found to be approximately 2.5 times faster then 2,.d for this process
(Table 10).
For all the catalytic hydrosilation/isomerization processes we investigated, the
oxidized form of the catalysts used, whether activated by exposure to hydrogen or not,
proved to be superior to the reduced form in both catalytic efficiency and durability.
NBD Exchange Studies using 1,, and 1rd. Our investigation of the exchange rate of
NBD on x,, and 1,d was conducted for two reasons. First, we hoped the study would
provide information to help address the mechanistic questions raised in our examination of
the hydrosilation of 1-hexene with the unactivated catalysts described above. Second, it is
possible that the exchange reaction, which does not itself involve catalysis, may provide
interesting charge-dependent stoichiometric reactivity information for 1.,, and 1rd.
7-Methyl-2,5-norbornadiene was chosen as the ligand we would use for the
substitution experiments since it is similar to NBD both sterically and electronically and it
possesses a set of proton NMR resonances unique from those of NBD. A series of NMR
experiments were conducted in which the concentration of 7-methylNBD and the
concentration of the catalyst complex were varied for both l,o and 1rd in an attempt to
determine the rate as well as the order of the reaction in both incoming ligand and rhodium
complex. The data collected in these experiments are displayed in Table 11.
From this data taken at 40.5 'C in CD2C12, one can see that the exchange process
is quite slow for both l,, and 1,~ in comparison to the catalytic rates described above for
the complexes. However, in all cases the exchange rate for ,ox is larger than the exchange
rate for 1 by up to an order of magnitude. This demonstrates the increased lability of
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Table 11. Data for the NBD exchange reactions of 1 at 40.5 °C in CD2 C 2.
Cat. Precursor [7-MeNBD], mM [Complex], mM Rate, mM/mina
lox
lox
lox
lox
lox
lox
lred
'red
'red
'red
Ired
lred
172
172
172
76.4
152
304
152
152
152
79.8
159
318
6.27
12.5
25.1
12.5
12.5
12.5
6.41
12.8
25.6
12.7
12.7
12.7
0.0547
0.120
0.254
0.0967
0.0586
0.0526
0.0395
0.0522
0.0487
0.00761
0.0100
0.0379
aEach rate value is the average of two runs.
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the diene on the more electron deficient rhodium center of lo.. Figure 7 shows the
natural log plots used to calculate reaction orders for this process. The most reliable data
is clearly the first order catalyst dependence observed for the exchange of NBD on l. as
was expected. Too much scatter was present in the data to accurately determine the order
in catalyst for Ire, although we would have expected it to be first order as was shown for
1,,. Although the data used to determine the reaction order in 7-methylNBD for each
complex had much less scatter than the catalyst order data for 1,d, the values we obtained
could not be rationalized. We expected the order in 7-methylNBD to be zero for each
catalyst. Even though six data points were used for each plot, the collection of more data
may be necessary to clarify these reaction order measurements. However, due to the
extremely stringent methods use in the sample preparation for these experiments, it may
not be possible to obtain better results. It should be noted here that we found that the
presence of ethers significantly slows down the rate of NBD exchange on 1.o. Similar
effects were observed when both diethyl ether and the more sterically hindered 7-t-
butoxynorbornane were added to the solution. This finding precludes the use of the
readily available 7-t-butoxynorbomadiene as the NBD replacement for these exchange
studies.
At this point, we can use the rate data gained from these NBD exchange studies to
attempt to rationalize the catalyst behavior observed in the hydrosilation/isomerization of
1-hexene with unactivated 1,, and 1,r from the viewpoint of thermal NBD dissociation.
By this route, it would be necessary for NBD to dissociate from l,, and 1rd and be
replaced by solvent and/or 1-hexene to form the active catalysts 2o. and 2 ,., respectively,
before product formation could begin. In these experiments, we found that l,, exchanges
NBD faster than 1r which may explain the shorter induction period observed for l,. (-10
min) in comparison to 1,d (-40 min) before product formation was detected. The fact
that the 'H NMR shows only the unactivated catalyst during the period of time that the
hydrosilation/isomerization reaction was followed can be accounted for by considering
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Figure 7. Natural log plots used to calculate the order of the NBD exchange reaction in
both catalyst and 7-methylNBD.
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that the rate of the catalytic reaction (the consumption of 1-hexene) is approximately 300
times faster than the NBD exchange rate for 1. and 575 times faster than the NBD
exchange rate for 1,d. These rough values were obtained by using an average of the NBD
exchange rate data for catalyst concentrations similar to those used in the
hydrosilation/isomerization of 1-hexene (12.5 mM for 1. and 12.7 mM for 1,r) and
dividing the resulting averages by four since the temperature for the NBD exchange
studies was 20 "C higher than the temperature for the 1-hexene experiment. However,
future work is still necessary to prove that a small amount of hydrosilation followed by
dissociation of NBD is not taking place to form the active catalysts 2.x and 2,d.
Investigation of the Electrocatalytic Properties of 3/4. We have briefly mentioned
some interesting observations that were made when we attempted to use 3.x to catalyze
various hydrogenation, hydrosilation, and isomerization reactions. When the
hydrogenation of NBD catalyzed by 3.. was investigated by UV-vis spectroscopy in
acetone, spectral changes were observed over the course of the experiment that were
consistent with the formation of 3, along with a change in solution color from green to
orange. Also, when we attempted to use 3.x to measure the rate of the
hydrosilation/isomerization of 1-pentene in CD 2C12, a change in solution color from green
to orange occurred immediately upon addition of triethylsilane. The proton NMR
spectrum of the resulting solution showed peaks which were characteristic of 3r. These
observations stimulated our interest to investigate 3/4 further with an eye toward
electrocatalysis.
A proton NMR experiment was conducted in which a sample of 3.x was examined
in acetone-d 6. A starting spectrum was obtained showing the broadened peaks
characteristic of the paramagnetic complex. After H2 was admitted to the tube, the
solution color began to turn from green to orange over the course of a few minutes and
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the NMR spectra showed a sharpening of the resonances. The final spectrum taken was
identical to the spectrum of the diamagnetic complex 4rd.
The same reaction was conducted using UV-vis to monitor spectral changes in the
solution. The UV-vis of a sample of 3.x in acetone prior to H2 addition reveals an
absorption at 452 nm characteristic of the rhodium complex with coordinated NBD
(Figure 8). Over the first 30 seconds following the addition of H2 to the solution, this
absorption disappears signaling the formation of the active catalyst 4, upon the
hydrogenation and dissociation of the coordinated NBD. During the next 50 seconds, the
broad ferrocenium absorption extending into the near IR bleaches and the solution color
changes from green to orange. These observations are consistent with the formation of
4,d in the solution. We had observed in some of the catalytic reactions using 3,x that in
the presence of substrate, the color change of the solution from green to orange is
delayed. To investigate this point, we ran an analogous UV-vis experiment in which 3,.
was exposed to H2 in the presence of 1 M cyclohexene. Figure 9 shows that over the first
30 seconds after H2 addition, the absorption band corresponding to the rhodium diolefin
complex at 452 nm disappears, as we had observed in the absence of cyclohexene.
However, over the next 10 minutes, very little decrease is noted in the ferrocenium
absorption and the color of the solution remains green. This indicates that the presence of
substrate slows the reduction of the catalyst by H2. It should also be noted that FcPF6 and
[omdppfJPF6 are not reduced by H2 in acetone. The experiments performed thus far
demonstrate that a stoichiometric reduction of 4.x to 4,red occurs in the presence of H2.
In order to investigate whether this reaction is electrocatalytic, we carried out the
experiment shown in Scheme 5 using the sacrificial oxidant ferrocenium
hexafluorophosphate (FcPF6) and UV-vis spectroscopy to monitor product formation.
3red was placed in acetone along with 10 equivalents of FcPF6. Before the addition of H2,
one equivalent of FcPF6 oxidized 3, to 3,, forming an equivalent of ferrocene in the
process. After H2 was admitted to the solution, 3.. was quickly converted to 4., by
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Figure 8. Reaction of 3.x with H2 in acetone. Over the first 30 sec following the addition
of H2, the absorption characteristic of the diolefin complex disappears as 4, forms (top).
During the next 50 sec, the ferrocenium absorption disappears and a peak characteristic of
4 ,d grows in (bottom).
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Figure 9. Reaction of 3.x with H2 in acetone in the presence of 1 M cyclohexene. Over
the first 30 sec following the addition of H2, the absorption characteristic of the diolefin
complex disappears as 4,, forms. Very little decrease is observed in the ferrocenium
absorption over the course of 10 min.
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Scheme 5. Experiment conducted to investigate the electrocatalytic properties of 4.
hydrogenation and dissociation of the coordinated NBD. By the time 1 h had elapsed,
three additional equivalents of ferrocene had been formed indicating that 4.x was
repeatedly reduced to 4 j by H2 and then reoxidized by FcPF6. This result demonstrates
that 4 is indeed an electrocatalyst for the oxidation of H2.
The electrocatalytic ability of 4 was also demonstrated by experiments using cyclic
voltammetry. At a scan rate of 50 mV/sec, the ferrocene-centered redox wave of 4
becomes sigmoidal in the presence of 100 mM Et3SiH and the peak anodic current
increases by -50%. Surprisingly, the same experiment using [(diphos)Rh(NBD)]PF 6 also
exhibits an increase in peak anodic current in the presence of 100 mM Et3SiH. However,
it occurs at a potential 300 mV more positive than with 4. Hence, it appears that the
presence of the electroactive metallocene bisphosphine is not necessary for rhodium to
behave as an electrocatalyst for the oxidation of Et3SiH, but it does facilitate the process.
In an attempt to reduce the required potential for this process even further, a more
electron-rich rhodium complex (8 ) containing the omdepf ligand has been synthesized,
but experiments to determine its electrocatalytic properties via cyclic voltammetry have
not been conducted at this time. It should also be mentioned that in a control experiment
using (omdppf)Re(CO) 3Br, which has a redox potential very close to 4, no changes in the
ferrocene-centered electrochemistry were detected upon addition of Et3SiH. This
demonstrates the importance of the rhodium center in the electrocatalytic process.
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Chapter 4 describes our efforts to confine both 3red and 8rd to an electrode
surface. Among the many benefits this process could offer would be charge collection in
electrocatalysis experiments. With the catalyst complex electrode-confined, the potential
of the electrode could simply be held at a voltage just positive of the ferrocene-centered
redox wave of the complex to collect electrons produced during electrocatalysis. This
would eliminate the need to use sacrificial oxidants like FcPF6.
151
Conclusion
We have demonstrated in this work that the reactivity and selectivity of several
homogeneous rhodium and iridium transition metal catalysts can be tuned by simply
changing the state of charge of a pendant ligand. Scheme 6 shows the reactivity
characteristics we observed for our best studied catalyst system 2,d2,d. While 2., is the
faster hydrosilation catalyst by up to an order of magnitude, 2r is the faster
hydrogenation catalyst by greater than an order of magnitude in some cases. Also, the
state of charge of the catalyst can be readily changed by the addition of chemical oxidants
or reductants during the catalytic process allowing the in situ investigation of differences
in catalytic reactivity between 2.x and 2.ed. In each of the catalyst systems we examined,
the oxidized form proved to be more durable than the reduced form.
Several studies have shown that as the basicity of the phosphines increases on
[P2RhS2]÷ hydrogenation catalysts, the reactivity of the catalysts also increases since the
oxidative addition of hydrogen is promoted.2' This correlates well with our observations
of hydrogenation reactions in which the reduced form of the 2dJ2~ system exhibits the
greatest activity. Although we could not find an analogous trend in the literature for
hydrosilation reactions utilizing these catalysts, our results suggest an inverse relationship
between phosphine basicity and catalytic activity since hydrosilation is considerably faster
with 2,. than with 2,.
Although we have successfully shown that we can change the properties of a
catalyst system by changing the state of charge of a pendant ligand, there are several areas
which need additional work before this study will be complete. In the hydrogenation of
cyclohexene and the hydrosilation of acetone using 20d2rd, we found that the order of the
reaction in catalyst was 0.5 or less in all cases. This is indicative of a catalytically inactive
dimer in solution, probably with rl -arene coordination to rhodium,20 which must
dissociate before catalysis can occur. Since we have no spectral evidence of this dimer by
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room temperature 1H NMR possibly due to fluxional behavior, low temperature
experiments are planned to try to freeze out this species. The only indication that we have
of dimer formation thus far is the green color we observe for 2, in acetone instead of the
expected orange or yellow. We also described experiments in which the triethylsilation of
1-hexene was observed without prior activation of the catalysts by hydrogen. NMR
spectra taken during these experiments show only 1,l/1 in the solution, and NBD
exchange studies we performed suggest that the observed reactivity may be due to a low
concentration of 2.,/2 formed by NBD dissociation. However, experiments are
necessary to address the possibility that a small amount of NBD hydrosilation may be
responsible for the observed activity.
The unexpected result that 3/4 is an electrocatalyst for the oxidation of H2 and
Et3SiH warrants further study. Chapter 4 describes the confinement of this catalyst system
to an electrode surface which offers several benefits over the solution studies presented
here including site isolation and facile charge collection in electrocatalysis.
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Experimental
General Methods. All solvents and substrates used were anhydrous and degassed unless
otherwise noted. Acetone was purified by two methods. Impurities were removed from
Mallinkrodt AR acetone by formation of the NaI addition complex followed by distillation
from CaSO4. Omnisolv acetone was dried by distillation from B20 3. CH 2C 2 was distilled
from P20 5. Hexane was distilled from CaH2. THF and diethyl ether were distilled from
sodium benzophenone ketyl. Other solvents were obtained anhydrous from Aldrich.
Methylcyclohexane was purified by stirring overnight with H2SO4, washing with water,
saturated aqueous NaHCO3, saturated aqueous KCl and drying over MgSO4 prior to
distillation from CaH2. Acetophenone was recrystallized from isopentane at -40 OC, dried
in vacuo, and vacuum distilled from CaSO 4. Tetrabutylammonium hexafluorophosphate
(TBAPF6) was recrystallized 3X from EtOH and dried overnight at 120 'C before use.
Other chemicals were obtained from Aldrich unless otherwise noted. Cobaltocene
(CoCp2), [Rh(NBD)C1]2 H2IrCI6.XH 20, and anhydrous FeCl2 were bought from Strem.
7-t-Butoxy-2,5-norbornadiene was purchased from Frinton Labs. Hexamethyldisilazane
was obtained from Lancaster Synthesis. All deuterated solvents for NMR spectroscopy
were purchased from Cambridge Isotope Labs. 1,1'-Bis(diphenylphosphino)cobaltocene
(dppc), 22 1,1'-bis(diphenylphosphino)cobaltocenium hexafluorophosphate ([dppc]PF 6),22'23
octamethyl- 1,1 '-bis(diphenylphosphino)ferrocene (omdppf), 4 octamethyl- 1,1'-
bis(diphenylphosphino)ferrocenium hexafluorophosphate ([omdppfJPF6),24 ferrocenium
hexafluorophosphate (FcPF6),24 decamethylferrocenium hexafluorophosphate (Fc*PF6),2
(omdppf)Re(CO) 3Br, 24 [Ir(COD)py 2]PF6,12 [(diphos)Rh(NBD)]PF, la
pentyltriethylsilane,24 and isopropoxytriethylsilane24 were synthesized by literature
procedures. Syntheses below with reference numbers were carried out using
modifications of the literature procedures.
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'H and 31P NMR spectra were acquired on Bruker AC-250, Varian XL-300,
Varian Unity 300, or Varian VXR-500 spectrometers. The chemical shifts (5) are in parts
per million (ppm) and are referenced to the residual protic solvent peaks in acetone-da
(2.04 ppm), CD2C12 (5.32 ppm), and CDCl3 (7.24 ppm) for 'H NMR measurements. The
phosphorus peak of 85% H3PO4 (0.00) was used as an external reference for 31P NMR
measurements. UV-vis spectra were collected on a Hewlett-Packard HP8452A diode
array spectrometer using quartz cells. GC/MS analysis was performed on a Hewlett-
Packard system consisting of a 5890A gas chromatograph coupled to a 5970 mass
selective detector. A Supelco SPB-1 nonpolar capillary column was used to effect the
separation (30m, 0.25id, 0.25um). A GOW/MAC Series 350 GC with a thermal
conductivity detector was used for preparative gas chromatography. A Brinkman RC 6
refrigerated circulating bath was used to control the temperature during catalytic runs.
Samples were sent to Oneida Research Labs for elemental analysis. Schlenk techniques or
a Vacuum Atmospheres drybox with nitrogen or argon atmosphere was used for all
synthesis and sample preparation unless otherwise noted.
Electrochemistry was conducted utilizing a Pine Instrument Company RDE4
bipotentiostat. Cyclic voltammograms were recorded on a Kipp & Zonen model BD90
single pen chart recorder or BD91 two pen recorder. For all experiments, an acetone or
CH2C12 solution containing 0.1 M TBAPF 6 supporting electrolyte was used with a glassy
carbon or platinum dot working electrode, platinum counter electrode and a Ag wire
quasireference electrode. Ferrocene or cobaltocenium hexafluorophosphate ([CoCp 2]PF6)
was used as an internal reference. The working electrodes were cleaned by polishing with
Buehler 2A Alpha 3 p and 3B Gamma 0.5 p Micropolish Alumina Suspensions on Buehler
Microcloth polishing cloths followed by sonication in acetone, CH2CI2, and hexane for 5
min each.
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Catalytic Reactions. Samples for all catalytic experiments were prepared in the drybox.
Solutions of the catalyst precursors lo,lej or 3 rXa in acetone or THF were loaded into
Schlenk flasks equipped with stir bars and sealed with wired-down septa. The flasks were
taken from the drybox, placed in a 20.0±0.5 OC bath, evacuated and refilled twice with H2
and allowed to stir for 15 min to insure complete formation of the active catalysts 2.d2,.
and 4.d. For the olefin hydrogenation runs, cyclohexene or 1-pentene was then added via
syringe to start the reaction. Before triethylsilane addition to commence the hydrosilation
experiments, the samples were evacuated and purged with argon twice to remove H2. In
the case of acetone hydrogenation, data was collected from the time H2 was added. In all
experiments, aliquots were taken for analysis by cannula (50 - 200 pl) and quenched with
CH 3CN (3-4 ml) which coordinates to and deactivates the active catalyst. Analyte
concentrations were determined by GC/MS analysis and comparison with standard
solutions of the analytes injected at the same time. Methylcyclohexane and decane were
used as internal standards for the hydrogenation and hydrosilation experiments,
respectively.
Samples for the catalytic hydrogenation of cyclohexene by lodxlc, 3 oJ3,9, 50/5,,,
and 6,/J6, in CH2C12 were prepared and analyzed as described above except that
cyclohexene was added in the drybox and H2 was added last by two evacuation/refill
cycles after samples were allowed to equilibrate to 20.0±0.5 oC. This method was
necessary to use for experiments in CH 2C12 since the activated catalysts are not stable in
this solvent in the absence of substrate due to its low coordinating ability. In studies
involving the measurement of the rate of hydrogenation of NBD by lod,1r in acetone and
COD by 5.J5x/S and 6,Jb6f in 1,2-DCE, the experiments were conducted in an analogous
fashion with H2 added last.
The hydrosilation of 1-hexene and acetophenone in CD2Cl2 and the hydrosilation
of 1-pentene in acetone-d6 by loxd/r were carried out in NMR tubes without prior
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activation of the catalysts by H2. Progress of the reaction was monitored by integration of
non-olefinic proton resonances over time.
In experiments which involved changing the state of charge of the catalyst in situ,
a concentrated solution of the reductant cobaltocene (CoCp2) or oxidant
decamethylferrocenium hexafluorophosphate (Fc*PF6) in acetone (for experiments done in
acetone) or CH 2CI2 (for experiments done in THF due to solubility issues) was added via
syringe at the appropriate times.
NBD Exchange Studies. Experiments which involved monitoring the exchange rate of
NBD for 7-methylNBD on 1o/1ed were carried out very carefully as follows. Medium
wall NMR tubes equipped with teflon screw valves (Aldrich) on top were cleaned with
aqua regia and derivatized with hexamethyldisilazane in CCL to render the glass
completely clean and non-reactive. The tubes and teflon stopcocks were pumped into the
drybox overnight (to allow time for the teflon to degas) and loaded with catalyst and 7-
methylNBD in CD2 Cl2. The tubes were quickly closed, removed from the drybox, and
placed in liquid nitrogen to freeze the contents prior to evacuation to facilitate sealing the
glass just below the airtight screw top. The sealed samples were stored in liquid nitrogen
until they were placed in the probe of the Varian VXR-500 NMR. Data collection was
started 10 minutes later after samples had time to equilibrate to 40.5±0.5 'C. The
temperature in the probe was determined by measuring the peak-to-peak separation in a
neat ethylene glycol sample. Only the integrations of non-olefinic protons were used to
monitor the progress of the reaction.
[(dppc)Rh(NBD)](PF 6)2 (1.x).Ia A lemon yellow solution of NaPF6 (0.222 g, 1.32 mmol)
and [Rh(NBD)C1]2 (0.263 g, 0.569 mmol) was made in a minimal amount of THF.
cdppPF6 (0.800 g, 1.14 mmol) was added and the solution darkened quickly. After
stirring for 2 h, the solvent was removed leaving behind a dark solid. The product was
taken up in CH 2Cl2 and passed through a frit containing Celite to eliminate the NaCl
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produced during the reaction. Upon solvent removal, a red-orange solid was obtained.
The product was recrystallized from 1,2-DCE/methylcyclohexane resulting in the
formation of orange and black crystals. The black crystals were discarded and the desired
orange product purified by recrystallization from heptane/CH2C2 forming orange plates
(0.753 g, 0.722 mmol). Yield: 63%. 'H NMR (acetone-d 6): 8 7.95 (m, 8H), 7.75 (m,
12H), 6.11 (m, 8H), 4.81 (m, 4H), 4.14 (m, 2H), 1.61 (m, 2H). 31P NMR (acetone-d6,
H3P0 4 external reference): 5 28.0 (d, JRh-P = 159 Hz). UV-vis (acetone), X in nm (e in M"
'cmf'): 410 (950), 460 (2400). Anal. Calcd for C41H36CoFI2P4Rh: C, 47.25; H, 3.48.
Found: C, 47.18; H, 3.37.
[(dppc)Rh(NBD)]PF 6 (1,). la A lemon yellow solution of NaPF6 (0.140 g, 0.832 mmol)
and [Rh(NBD)CI]2 (0.165 g, 0.359 mmol) was made in a minimal amount of THF. dppc
(0.400 g, 0.718 mmol) was added and the solution darkened quickly. After stirring for 1.5
h, the solvent was removed leaving behind a dark residue. The crude product was passed
through a frit containing Celite to eliminate the NaCl produced during the reaction.
Solvent removal from the filtrate left behind a red-purple solid. The product was purified
by recrystallization from heptane/CH 2Cl2 twice forming dark crystals (0.421 g, 0.468
mmol). Yield: 65%. 'H NMR (acetone-d6): 8 8.30 (m, 8H), 7.58 (t, 4H), 7.03 (m, 8H),
4.07 (m, 2H), 3.13 (m, 2H), 2.97 (m, 4H), -12.2 (b, 4H), -52.0 (b, 4H). UV-vis
(acetone), X in nm (e in M-'cm-'): 424 (1400), 470 (2800), 510 (1100), 544 (1300). Anal.
Calcd for C41H36CoF6P3Rh: C, 54.88; H, 4.04. Found: C, 54.52; H, 4.16.
[(dppc)RhS.](PF 6)2 (2,x). An orange solution of l, in acetone was treated with H2 for
15 min forming pale yellow 20x. 'H NMR (acetone-d 6): 8 8.02 (m, 8H), 7.75-7.5 (m,
12H), 6.09 (s, 4H), 6.05 (s, 4H). 31P NMR (acetone-d6, H3P0 4 external reference): 8 51.4
(d, JRI-p = 208 Hz).
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[(dppc)RhS.]PF 6 (2,d). A deep red-purple solution of 1,rd in acetone was treated with
H2 for 15 min forming pine green 2rd. Alternatively, the chemical reduction of 2.x with
CoCp2 forms 2red. 'H NMR (acetone-dQ): 8 8.00 (b, 8H), 7.37 (t, 4H), 6.82 (b, 8H), -9.5
(b, 4H), -50 (b, 4H).
[(omdppf)Rh(NBD)]PF6 (3,d).*" A lemon yellow solution of NaPF6 (0.178 g, 1.06
mmol) and [Rh(NBD)Cl]2 (0.210 g, 0.456 mmol) was made in 20 ml of THF. Upon
addition of omdppf (0.607 g, 0.911 mmol), the solution turned orange-red. The mixture
was stirred for 2 h during which a yellow-orange solid began to precipitate out. 110 ml
Et 20 was added to the reaction mixture, and the yellow-orange powdery product was
collected on a frit and washed copiously with Et20. CH2C12 was used to carry the product
through the frit leaving behind the NaCl byproduct of the reaction. Recrystallization from
CH 2CI2/Et20 yielded orange product crystals (0.780 g, 0.775 mmol). Yield: 85%.
Alternatively, the product can be recrystallized from 1,2-DCE/heptane entraining 1
equivalent of 1,2-DCE in the process (by NMR integration). A sample purified in this
manner was used for the elemental analysis. 'H NMR (acetone-d6): 8 7.83 (m, 8H), 7.58
(m, 12H), 4.69 (m, 4H), 4.09 (m, 2H), 1.70 (s, 12H), 1.64 (s, 12H), 1.57 (m, 2H). 31P
NMR (acetone-d 6, H3P0 4 external reference): 8 27.8 (d, J.Rh- = 157 Hz). UV-vis
(acetone), X in nm (e in M-'cm'-): 414 (1020), 462 (1900). Anal. Calcd for
C49H52F6FeP3Rh • C2H4C12: C, 55.41; H, 5.11. Found: C, 55.48; H, 5.08.
[(omdppf)Rh(NBD)](PF6 )2 (3.,). To an orange solution of 3.d (0.200 g, 0.199 mmol) in
15 ml CH2C12 was added AgPF6 (0.050 g, 0.198 mmol). The solution color immediately
changed to pine green as 3.. formed. After stirring for 0.5 h, the solution was filtered
through a frit containing Celite to eliminate metallic silver produced in the reaction. The
solvent was removed leaving a green solid. The product was recrystallized from
CH 2Cl2/heptane forming green crystals (0.140 g, 0.122 mmol). Yield: 61%. The product
readily crystallizes from CH2CI2/Et20 as well. However, any attempts to recrystallize it
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with solvent mixtures involving methanol resulted in reduction of 3.x to 3rd. The product
was also synthesized as the CF 3SO3" salt,24 and this species was used for the elemental
analysis since it is more stable to hydrolysis than the PF6' salt. 'H NMR (acetone-d 6): 8
13.4 (b, 8H), 8.81 (b, 8H), 7.95 (b, 4H), -0.93 (b, 2H), -2.1 (b, 6H), -26.6 (b, 12H), -34.2
(b, 12H). UV-vis (acetone), X in nm (e in M'cm-'): 418 (1600), 452 (2100), 600 (100),
820 (360). Anal. Calcd for the CF3SO3- salt Cs5 H52FeF606P2S2Rh: C, 52.80; H, 4.52.
Found: C, 51.99; H, 4.55.
[(omdppf)RhS.]PF 6 (4,d). An orange solution of 3,e in acetone was stirred under H2 for
15 min during which a dark orange solution of 4,.r formed. 'H NMR (acetone-d6): 8 8.28
(m, 8H), 7.47 (m, 12H), 1.62 (s, 12H), 1.52 (s, 12H). 31P NMR (acetone-d 6, H3PO4
external reference): 8 54.3 (d, Jp-P = 219 Hz).
[(dppc)Ir(COD)1(PF 6)2 (5.x).12 To a yellow solution of [Ir(COD)py 2]PF6 (0.250 g, 0.414
mmol) in 20 ml acetone was added dppcPF 6 (0.290 g, 0.414 mmol). The resulting red-
orange solution was stirred for 2.5 h and then solvent was removed leaving behind a red
solid. The red solid was washed several times with Et20 to remove residual pyridine and
dried in vacuo. The product was then dissolved in CH2Cl2, filtered through a frit
containing Celite, and recrystallized from CH2Cl2/heptane yielding flaky red crystals
(0.360 g, 0.345 mmol). Yield: 83%. The product crystals entrained 0.50 equivalents of
CH 2C12 and 0.15 equivalents of heptane (by NMR integration). 'H NMR (acetone-d6): 5
7.8-7.6 (m, 20H), 5.89 (b, 4H), 5.77 (b, 4H), 4.30 (b, 4H), 2.32 (m, 4H), 2.06 (q, 4H).
3 1P NMR (acetone-d6, H3P0 4 external reference): 8 14.5 (s). UV-vis (acetone), X in nm (E
in M-'cm-'): 364 (1600), 390 (2800), 440 (600), 496 (2300), 534 (230), 578 (460). Anal.
Calcd for C42H40CoF12IrP4 -0.50(CH2Cl2) • 0.15(C 7H16): C, 43.75; H, 3.64; P, 10.40.
Found: C, 42.86; H, 3.47; P, 8.82.
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[(dppc)Ir(COD)]PF6 (Sr,). To a red solution of 5o. (0.200 g, 0.192 mmol) in 2 ml
CH 2C12 was added CoCp2 (0.0370 g, 0.196 mmol) dropwise with stirring. After 0.5 h, the
deep red solution was filtered through a frit containing Celite to remove [CoCp 2]PF6 that
had formed during the reduction and the solvent was removed. The product was
recrystallized from CH2CJ2/MeOH yielding dark red crystals (0.131 g, 0.146 mmol).
Yield: 76%. 'H NMR (acetone-d6): 5 8.24 (b, 8H), 7.39 (b, 4H), 6.84 (b, 8H), 3.41 (b,
4H), 2.32 (b, 8H), -21.3 (b, 4H), -50.7 (b, 4H). UV-vis (acetone), X in nm (E in M'cmr'):
372 (2600), 392 (3100), 436 (1270), 496 (3000), 580 (520). Anal. Calcd for
C42H4oCoF6IrP3: C, 50.30; H, 4.01. Found: C, 50.02; H, 4.03.
[(omdppf)Ir(COD)JPF6 (6rd).12 TO a yellow solution of [Ir(COD)py 2]PF6 (0.450 g,
0.746 mmol) in 20 ml acetone was added omdppf (0.500 g, 0.746 mmol). The resulting
red-orange solution was stirred for 16 h and then solvent was removed leaving behind a
red solid. The red solid was washed several times with Et20 to remove residual pyridine
and dried in vacuo. The product was then dissolved in CH2C12, filtered through a frit
containing Celite, and recrystallized from CH2Cl/heptane yielding red crystals (0.711 g,
0.639 mmol). 1H NMR (acetone-d6, CD 2CI2): 8 7.92, 7.78 (m, 8H), 7.60, 7.51 (m, 12H),
4.34, 4.26 (b, 4H), 2.37, 2.29 (b, 4H), 1.87, 1.80 (q, 4H), 1.72, 1.67 (s, 12H), 1.61, 1.51
(s, 12H). 31P NMR (acetone-d6, H3PO4 external reference): 8 18.2 (s). UV-vis (acetone),
X in nm (e in M'cm'): 368 (1600), 384 (1900), 426 (810), 470 (1700), 486 (2100), 566
(390), 630 (40). Anal. Calcd for C5oH56F6FeIrP3: C, 54.01; H, 5.08. Found: C, 53.97; H,
5.04.
[(omdppf)Ir(COD)](PF6 )2 (6.x). To a red solution of 6, (0.365 g, 0.328 mmol) in a
minimal amount on CH2C12 was added AgPF6 (0.0829 g, 0.328 mmol). The resulting
brown-pink solution was stirred for 2 h and then filtered through a frit containing Celite to
remove metallic silver. Solvent volume was reduced and the product recrystallized from
CH2Cl2/heptane yielding salmon microcrystals (0.290 g, 0.231 mmol). Yield: 70%. 'H
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NMR (acetone-ds ): 8 12.0 (b, 8H), 9.30 (b, 8H), 8.59 (b, 4H), -2.16 (b, 8H), -2.62 (b,
4H), -22.1 (b, 12H), -34.7 (b, 12H). UV-vis (acetone), X in nm (E in M-'crm'): 382
(3700), 442 (1300), 486 (1800), 514 (1096), 520 (1102), 600 (290), 618 (200), 820
(470). Anal. Calcd for CsoH 56FI2FeIrP4: C, 47.80; H, 4.49. Found: C, 47.47; H, 4.21.
(Octamethyl-1,1'-bis(diethylphosphino)ferrocene)iron dichloride (7).14 A solution of
tetramethylcyclopentadiene (4.00 g, 32.7 mmol) in 50 ml THF was cooled to -78 °C and
n-butyllithium (16.3 ml of a 2.01 M solution in hexane, 32.7 mmol) was added over the
course of a few minutes during which a precipitate formed. After stirring at -78 'C for 10
min, the mixture was warmed to room temperature and stirred an additional 20 min. The
reaction mixture was cooled to -78 'C again and a solution of diethylchlorophosphine
(4.07 g, 32.7 mmol) in 35 ml THF was added over a period of 10 min. The mixture was
warmed to room temperature and stirred an additional 1 h. The tan-yellow solution was
cooled back down to -78 'C and n-butyllithium (16.3 ml of a 2.01 M solution in hexane,
32.7 mmol) was added over the course of a few minutes. The mixture was warmed to
room temperature and stirred an additional 10 min before it was cooled to -78 'C again.
A suspension of anhydrous FeC12 (4.56 g, 36.0 mmol) in 30 ml THF was then added and
the solution darkened. The brown solution was warmed to room temperature and stirred
overnight followed by the removal of solvent in vacuo. The crude product was dissolved
in CH 2C12 and filtered through a Celite-loaded frit to remove the salt byproducts of the
reaction. The product was chromatographed twice using silica gel, first with straight
CH2C02 eluent and then with a CH 2Cl2/hexaneJfHF mixture. Recrystallization from
CH2Cl2/hexane yielded large, yellow-brown air-stable crystals of the product (2.40 g, 3.99
mmol). Yield: 24%. 'H NMR in CDCl3 was consistent with a paramagnetic species.
Mass spectrum: m/e (relative intensity), 602 (3), 601 (2), 600 (5), 475 (56), 474 (100),
472 (11), 446 (23), 445 (72), 416 (11), 358 (12), 356 (29), 237 (11), 207 (10). Anal.
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Calcd for C26H44Cl2Fe 2P2: C, 51.95; H, 7.38; Cl, 11.79; P, 10.30. Found: C, 51.46; H,
7.49; Cl, 11.24; P, 9.44.
[(omdepf)Rh(NBD)JC10 4 (8,,)."' A lemon yellow solution of [Rh(NBD)Cl] 2 (0.106 g,
0.229 mmol) and NaC10 4 (0.0651 g, 0.532 mmol) was made in a minimal amount of THF.
7 (0.276 g, 0.459 mmol) was dissolved in a minimal amount of THF an added to the
rhodium dimer solution and a color change to red-orange was noted. The resulting
solution was stirred for 1 h during which some solid formed. The solvent was removed in
vacuo and the crude product dissolved in CH2CI2 and filtered through a frit containing
Celite to remove the insoluble byproducts of the reaction. Solvent volume was reduced
and the product was recrystallized from CH 2Cl2/heptane. Along with the orange product
crystals were patches of maize microcrystals and many dark crystals. The non-product
crystals were discarded and the product recrystallized again from CH2C12 yielding orange
crystals (0.231 g, 0.300 mmol). Yield: 65%. 'H NMR (CD2CI2): 5 4.61 (b, 4H), 3.77 (b,
2H), 2.0-1.2 (m, 34H), 0.86 (b, 12H).
7-Methyl-2,5-norbornadiene (9).15 130 ml Et20O was added to magnesium turnings
(5.13 g, 0.211 mol) followed by the dropwise addition of CH 3I (30.0 g, 0.211 mol). As
CH 3MgI formed, the solution began to reflux. After the addition was complete, the
mixture was stirred an additional hour at room temperature. The ether was then distilled
off and replaced by benzene. The mixture was heated to -60 °C and 7-t-
butoxynorbornadiene (17.7 g, 0.107 mol) was added. A gentle reflux was maintained for
3.5 d and the reaction was quenched with water. The organic phase was washed twice
with saturated aqueous KCl and dried over MgSO 4. Due to the extraordinary volatility of
the product, solvent removal was carefully conducted through a 20 cm vacuum jacketed
column packed with glass beads. Everything collected up to 87 OC was discarded, and the
three fractions containing product were collected between 88 'C and 100 OC. Each
fraction contained a mixture of benzene and 7-methylNBD. A small amount of the clear,
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colorless product was purified by preparative gas chromatography which was the only
possible way to remove solvent traces. This reaction was also run using tetralin in the
place of benzene and the same purification techniques were necessary. 'H NMR (acetone-
d6): 8 6.76 (m, 2H), 6.53 (m, 2H), 3.21 (m, 2H), 2.59 (q, 1H), 0.84 (d, 3H).
7-t-Butoxynorbornane (10).16 7-t-Butoxynorbornadiene (15.0 g, 91.3 mmol) was added
to 200 ml of absolute EtOH followed by 10% palladium on carbon catalyst (1.66 g). The
mixture was stirred under hydrogen for 15 h and then filtered through Celite to remove the
catalyst. Due to the high volatility of the product, most of the EtOH was removed on a
rotovap and the remaining solution was poured into water and extracted with Et20O to
separate the product from the rest of the alcohol. The organic phase was washed with
saturated aqueous KCI and dried over MgSO 4 before carefully removing Et20 on the
rotovap. The crude product was incompletely purified by distillation under a partial static
vacuum. Final purification was achieved on a small portion of the clear, colorless product
by preparative gas chromatography. 'H NMR (CD2C12): 8 3.71 (s, 1H), 1.82 (m, 4H),
1.53 (m, 2H), 1.18 (m, 13H).
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Chapter 4
Synthesis of a Novel, Electropolymerizable, Redox-active Rhodium
Electrocatalyst Monomer and the Reactivity of its Polymer Films
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Introduction
This work is an extension of the homogeneous catalysis studies described in
Chapter 3 and was carried out in order to exploit the inherent advantages that an
electrode-confined catalyst offers in electrochemical control over catalytic and
electrocatalytic reactions. We chose to surface-confine the 3/4 catalyst system from
Chapter 3 based on the interesting electrocatalytic properties it exhibited in solution. This
chapter describes the synthesis and characterization of several similar rhodium(I) catalyst
monomers containing an octamethylferrocene-based bisphosphine ligand with pendant
electropolymerizable thiophene groups. One of these monomers was successfully
electropolymerized and the resulting polymer was characterized and used to study the
electrocatalytic oxidation of several substrates as well as the isomerization of 1-pentene.
The electrocatalytic ability of the polymer was also exploited to modify the conductivity of
a conducting polymer-based transistor.
The most important benefit realized by surface-confining the redox-active catalyst
complex is the attainment of direct electrochemical control over all the catalyst molecules
involved in the reaction under study. Since the potential of the electrode can be varied
infinitely between the fully reduced and fully oxidized states of the surface-confined
species, the properties of the catalyst can easily be fine-tuned. By this method,
electrochemical control of reaction rates and product distributions can be investigated
without the need to utilize chemical oxidants and reductants. Though bulk electrolysis
could be used in the homogeneous catalysis experiments to oxidize or reduce all the
catalyst molecules electrochemically, this would require significant time whereas
alterations in the state of charge of an electrode-confined species can be effected nearly
instantaneously.
We described an experiment in Chapter 3 which demonstrated that the catalyst
system 4oJ4,m was electrocatalytic for the oxidation of hydrogen. In that experiment,
171
ferrocenium hexafluorophosphate (FcPF6) acted as a sacrificial electron acceptor to
reoxidize the 4, formed when 4,, was reduced by hydrogen. Using an electrode-bound
catalyst, charge collection in electrocatalysis can be accomplished without the need of a
sacrificial oxidant since the potential of the electrode can simply be held positive of the
oxidation potential of the ferrocene moiety in the catalyst. Thus, when the rhodium canter
catalyzes the oxidation of a given substrate and passes the electron(s) to the metallocene,
the electron(s) can be easily removed, reforming the oxidized catalyst and completing a
turnover in the system.
One of the problems encountered in the homogeneous catalysis experiments we
conducted in Chapter 3 was the deactivation of the active catalyst which occurred as the
concentration of available substrate decreased. This phenomenon, which was substantially
more prevalent for the reduced catalysts, was attributed to an oligomerization process
which formed catalytically inactive dimers as described in the literature for similar
rhodium' and iridium2 complexes. This deactivation process can be eliminated by the site-
isolation which is afforded by covalent incorporation of the catalyst into a polymer matrix.
If one considers an industrial synthetic process which is based on a catalytic
reaction, a major concern is product separation from the catalyst system as well as catalyst
reclamation and reuse. The use of a surface-confined catalyst would be beneficial in this
case. Upon complete conversion of the substrate to product in a given process, the
reaction solution could simply be drained from the reactor and fresh solution containing
substrate added allowing the process to continue without the need to consider catalyst
recovery.
The first issue which had to be addressed upon undertaking the task of electrode-
confining the catalyst complex was the method of surface immobilization. An attempt was
first made to investigate the feasibility of electrostatically binding the cationic rhodium
catalyst [(omdepf)Rh(NBD)]C10 4 to Nafion (a perfluorinated anionic polymer) and then
casting a film of the material on an electrode. However, when the electrochemistry of the
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resultant film was examined, only poor quality cyclic voltammograms of the catalyst
complex were obtained and excessive leaching of the catalyst from the Nafion film was
noted. Since this route proved unsatisfactory after several trials, other routes were
considered which would lead to a more stable linkage between the catalyst and electrode
or catalyst and electrode-confined polymer.
A direct covalent link to the electrode could be realized by the synthesis of a
catalyst complex containing a linkage terminating in a surface-reactive functional group.
For example, a complex with a thiol-terminated tether could be readily self-assembled on a
gold electrode surface3 forming a monolayer of the catalyst. However, there are
conceivable problems with this approach including questions regarding the longevity of a
monolayer of the catalyst as well as the extremely small amount of active material which
would be present. Another approach to the problem would involve preparing a catalyst
containing a functional group known to react with and covalently bind to a functionalized
polymer which was deposited on an electrode surface.
The route ultimately chosen to attain surface-confinement involved synthesizing a
catalyst which was itself electropolymerizable. After considering several
electropolymerizable groups as candidates to link to the catalyst, thiophene was chosen
due to its well-behaved electropolymerization characteristics 4 and synthetic accessibility.
A great amount of time was spent investigating various synthetic approaches to link the
thiophene moiety to the catalyst complex. The attachment site for the thiophene
substituent was constrained to the octamethylferrocene-based bisphosphine ligand since
the 2,5-norbomadiene ligand is likely removed during the reactions we plan to investigate.
The necessary point of attachment was the phosphorus atoms of the chelate since
substitutions on the permethylated ferrocene rings were not a viable approach. Four
catalyst monomers were synthesized using this approach, one of which exhibited
satisfactory electropolymerization behavior on macroelectrodes.
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Results and Discussion
Synthesis. Since no examples of chelating metallocene bisphosphines containing pendant
thiophene groups could be found in the literature, we designed and synthesized several for
this study. The method of choice for linking the thiophene group to the metallocene was
determined to be attachment at the phosphorus atom. However, we needed to synthesize
dozens of tethers differing in chain length and chemical composition before the best way
was found to achieve this link.
The syntheses of all the metallocene bisphosphines with pendant thiophenes were
conducted in an analogous manner involving stepwise replacement of chlorines from
dichlorophenylphosphine with Grignard reagents and alkali metal salts. This process is
outlined in Scheme 1 for the synthesis of octamethyl-1, 1'-bis(6-(2-(3-
thienyl)ethoxy)hexylphenylphosphino)ferrocene (12). Using a modification of the
Schrock5 method, the rhodium catalyst complexes were prepared by the reaction of the
metallocene bisphosphines with [Rh(NBD)Cl]2 in the presence of NaPF 6 in THF as shown
in Scheme 2.
Electropolymerization of Monomers on Macro- and Microelectrodes. All attempts to
deposit the catalyst monomers 5, 7, and 11 as well as the free ligand 12 by anodic
electropolymerization on macroelectrodes proved unsuccessful. In each case, the working
electrode simply became passivated with a layer of non-electroactive material whether the
polymer growth was attempted by cycling or potential step. We originally felt that the
inability to polymerize these monomers may due to their relatively large size in comparison
to the thiophene moieties present thus hampering the oligomerization of the thiophene
radical cations formed by oxidation. To try to address this potential problem, we
attempted to copolymerize 5 along with a small concentration of 3-methylthiophene in
hopes that the 3-methylthiophene would serve as a "filler" for the polymer and facilitate
the deposition of the catalyst monomer. However, even when very small concentrations
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NaP" 6
[Rh(NBD)CI]2
THF
Scheme 2. Synthesis of the cationic Schrock-Osborn rhodium catalyst monomers.
of 3-methylthiophene were used, the polymers that resulted consisted mainly of poly-3-
methylthiophene with little electrochemical evidence of catalyst incorporation. However,
the x-ray photoelectron spectroscopy of the films did indicate the presence of Rh, P, S,
and Fe. Since catalyst-rich polymer films could not be formed by this copolymerization
method, its use was discontinued. As described below, the electrodeposition of 13 proved
to be successful without the need to use copolymers.
The electropolymerization of 13 differs substantially from that of a simple, easily
polymerized thiophene monomer such as bithiophene. Bithiophene polymerization
proceeds readily by anodic cycling out to +1.15 V vs. Ag and a rate increase in polymer
growth is observed as the film thickness increases due to the larger effective surface area.
In contrast to this behavior, 13 grows at a much slower rate and with greater difficulty
requiring applied potentials of +2.0 V vs. Ag or more in some cases. A decrease in the
rate of polymer growth is seen as the film thickness increases and the peak-to-peak
separation in the ferrocene-centered oxidation wave grows larger on each cycle (Figure
1). Eventually, the film becomes resistive enough to result in the cessation of further
growth. These observations are indicative of the relatively low conductivity in polymer
films of 13. Attempts to electrodeposit 13 by stepping or cycling out to the onset of
thiophene oxidation current and holding the potential fixed did not provide any significant
advantages over growth by anodic cycling.
-- --
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Figure 1. Electrodeposition of 13 on a glassy carbon electrode in CH2C12 containing
0.1M TBAPF6 and 15 mM monomer. During the six polymerization cycles, the peak-to-
peak separation increases for the ferrocene-centered oxidation wave as the film becomes
more resistive.
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Since the potential dependent conductivity of conducting polymers can be
characterized through the use of microelectrode device techniques,6 an effort was made to
measure the conductivity of poly-13 in this manner. We first attempted to electrodeposit
13 onto platinum microelectrode arrays consisting of 8 individually addressable band
electrodes6 - under the same conditions used for deposition on macroelectrodes but with
monomer concentrations ranging from 30-150 mM. Although some oxidation current was
evident upon anodic cycling, no polymer was formed on any of the arrays used. The
arrays did not become passivated during the process as they displayed good ferrocene
electrochemistry afterwards and functioned ideally for the electrodeposition of 3-
methylthiophene. We then tried to electrodeposit the monomer on large surface area
highly interdigitated microelectrode arrays6 which incorporate both microelectrode and
macroelectrode (bus bar) regions in the hopes that achieving successful polymerization on
the macroelectrode portions of the device would promote deposition on the
microelectrodes. Using the same conditions as described for the 8 electrode devices
above, polymer formation could only be effected on the macro (bus bar) regions of the
device with absolutely no deposition occurring in the microelectrode regions (Figure 2).
Since poly-13 could not be formed on any of the microelectrode arrays, we were
unable to make conductivity measurements for the polymer using this technique. We
believe that our inability to electropolymerize this monomer on microelectrodes is a result
of the enhanced radial diffusion characteristics that exist in the vacinity of microelectrodes.
For most monomers, this type of diffusion is an advantage since it significantly increases
the rate at which monomers can be brought to the electrode surface where an ample
amount of radical cations exist available to couple and deposit. However, with a large
monomer like 13, this diffusion process may work in an opposing way allowing radical
cations generated at the surface to diffuse away before they have a chance to couple. In
other words, it may not be possible to build up the critical amount of radical cations at the
surface necessary to effect coupling and subsequent deposition onto the microelectrode.
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Figure 2. Optical micrographs showing selective electropolymerization of 13 on the
macro regions of a large surface area highly interdigitated microelectrode array with no
deposition evident on the microelectrode portions.
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The behavior that 13 exhibits at microelectrodes may also be related to its slow deposition
kinetics observed at macroelectrodes.
Electrochemistry of Poly-13. Figure 3 shows the electrochemistry of a film of poly-13
deposited on a glassy carbon electrode. Two reversible redox couples are evident which
show a linear dependence on scan rate characteristic of a surface-confined species. The
first wave at 595 mV vs. Ag results from the ferrocene-centered redox couple in the
polymer. The redox wave for the polythiophene backbone occurs 280 mV further positive
at 875 mV vs. Ag. During the polymerization of 13, we noted the relatively high
resistivity of these films compared to those made from simple, readily polymerized
monomers like bithiophene or 3-methylthiophene. Due to sluggish electron transfer
kinetics in poly-13, slow scan rates were required to obtain reasonable cyclic
voltammograms.
Electrocatalytic Oxidation Studies. The electrocatalytic oxidation of several substrates
was studied using poly-13 on glassy carbon or ITO electrodes. Control experiments using
bare electrodes were either run at the same time in the same solution as the polymer-
coated electrodes, or they were run separately under identical conditions. In all cases, a
cyclic voltammogram of the ferrocene-centered oxidation wave of the polymer was
obtained, and then the potential was poised just positive of this wave in order to facilitate
charge collection during the electrocatalysis. We began monitoring current versus time,
and after the electrodes had stabilized, the substrate was injected via syringe (or bubbled
in, in the case of hydrogen) to begin the reaction.
The electrocatalytic oxidation of triethylsilane in an acetone solution containing 0.1
M TBAPF6 was investigated using a glassy carbon working electrode with a poly-13
coverage of 4.69 x 10-9 moles/cm 2. The electrode was poised as described above and
allowed to equilibrate to a steady current level. The addition of 300 pl of triethylsilane
resulted in an anodic current spike followed by a slow decay to a relatively steady current
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Figure 3. Electrochemistry of poly-13 deposited onto a glassy carbon electrode in
CH2C12 containing 0.1 M TBAPF6. The linear scan rate dependence is characteristic of a
surface-confined species.
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level as a result of substrate oxidation at the rhodium center (Figure 4). Protons are
produced during this process and GC/MS and/or NMR analysis of the reaction solution
remains to be conducted to confirm the presence of other reaction products such as
hexaethyldisilane. Solution electrocatalysis studies using the analogous homogeneous
catalyst in Chapter 3 showed the presence of hexaethyldisiloxane and triethylsilanol in the
solution apparently resulting from traces of water in the solvent. Early attempts to look
for the electrocatalytic oxidation of triethylsilane using poly-13 on glassy carbon in CH2C12
containing 0.1 M TBAPF6 were carried out in an analogous fashion. However, under
these conditions only a very small amount of electrocatalytic activity was observed for a
short amount of time upon triethylsilane addition. Since protons are produced during the
reaction and CH2C12 cannot solvate them very well, we attribute this observation to a local
buildup of protons in the polymer film which quickly shuts down the electrocatalysis.
The electrocatalytic oxidation of hydrogen was carried out in 0.1 M TBAPF6 in
acetone using a glassy carbon electrode derivatized with 1.89 x 10-8 moles/cm 2 of poly-13.
After poising the electrode and allowing the system to equilibrate, hydrogen was bubbled
into the solution (Figure 5). The current began to increase immediately indicating that the
electrocatalytic oxidation of hydrogen was taking place at the rhodium center. Several
minutes later, hydrogen bubbling was discontinued and argon was bubbled into the
solution. The current began to decrease as the concentration of hydrogen in the solution
decreased. This process of hydrogen addition followed by argon addition was repeated
again with similar results. Although it takes several minutes to purge the solution with
either gas, the effects of bubbling a different gas into the solution are detected immediately
as an increase or decrease in the anodic current depending on whether hydrogen or argon,
respectively, was added.
Similar results to those observed for the electrocatalytic oxidation of triethylsilane
were obtained when we looked at the electrocatalytic oxidation of formic acid using poly-
13 (4.67 x 10.9 moles/cm 2) on an ITO electrode. A unique solvent system consisting of
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Figure 4. Electrocatalytic oxidation of triethylsilane catalyzed by poly-13 in acetone
containing 0.1 M TBAPF 6.
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Figure 5. Electrocatalytic oxidation of hydrogen catalyzed by poly-13 in acetone
containing 0.1 M TBAPF6.
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50% 0.5 M H2SO4/50% THF was used for this substrate. This acidic aqueous mixture is
closer to the actual conditions used in fuel cells7 than the standard organic
solvent/electrolyte system used for the electrocatalytic oxidation of triethylsilane and
hydrogen described above. The use of 0.5 M H2SO 4 by itself would have been ideal, but
we were unable to obtain reasonable electrochemistry of the ferrocene-centered oxidation
wave of the polymer in this solvent although the polymer seemed to be stable in it. We
attribute this observation to an inability to achieve successful wetting of the highly
aliphatic polymer film with the aqueous solvent system. The addition of THF to the acid
solution helps promote wetting of the film and results in satisfactory electrochemistry.
When 500 pl of formic acid was added to the system, an anodic current spike was
observed followed by a decay to a current level which slowly increased over time (Figure
6). The decay was much more rapid in this system than in the case of triethylsilane.
Although it is commonly known that the oxidation of formic acid results in the production
of protons and C0 2, positive product identification has not been carried out at this time.
Experiments involving the electrocatalytic oxidation of formaldehyde using poly-
13 have not been successful with no increase in current detected upon addition of the
substrate. Since the formaldehyde used contained 15% methanol, no current was seen for
the oxidation of methanol as well.
Triethylsilane-triggered Conducting Polymer Transistor Turnoff. Although the
electrodeposition of 13 directly onto microelectrodes was not possible, we were able to
deposit a film of bithiophene on a large surface area highly interdigitated Au
microelectrode array and then electrodeposit 13 on top of it forming a layered conducting
polymer transistor (Scheme 3). An Id-V, characteristic for the device obtained in CH2C12
containing 0.1 M TBAPF6 is shown in Figure 7. The onset of conductivity occurs at
+575 mV vs. Ag with the transistor reaching maximum conductivity at +1.30 V vs. Ag on
the forward scan. The fact that poly-13 is one component of the device and has been
190
Figure 6. Electrocatalytic oxidation of formic acid catalyzed by poly-13 in 50% 0.5 M
H2SO4/50% THF.
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Figure 7. Id - Vg characteristic of a conducting polymer-based transistor consisting of a
polybithiophene layer covered with a layer of poly-13 on a Au large surface area highly
interdigitated microelectrode array.
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shown to exhibit electrocatalytic properties for the oxidation of several substrates suggests
that it may be possible to modify the conductivity of the transistor simply by exposure to
one of these substrates. The following experiment was conducted in order to assess the
feasibility of this method of conductivity control.
The Id-V, of the device was scanned out to +1.00 V vs. Ag and held. While
monitoring drain current vs. time, the array was removed from the electrolyte solution
under potential control, rinsed, and placed into CH 2C 2 containing 250 mM Et3SiH. The
drain current immediately began to fall back towards the baseline, eventually reaching it
within 30 sec (Figure 8). Hence, the catalyst incorporated into the polymer film facilitates
the electrocatalytic oxidation of Et 3SiH and the electrons generated from the process are
subsequently passed to the polythiophene backbone. This reduces the polythiophene and
abolishes the film's conductivity which we observe as an elimination of drain current. The
array could then be removed from the Et3SiH solution, rinsed, and placed back into the
original electrolyte solution, thus returning it to potential control at +1.00 V vs. Ag. This
reoxidizes the polythiophene backbone and the drain current immediately begins to
increase until it attains the same magnitude it had before the exposure to Et3SiH. This
process was repeated several times on the same array with little or no reduction in
maximum drain current. The quick response time of the device coupled to its reversible
nature suggests possible applications as a sensor. It is important to point out that a
control experiment conducted with a transistor consisting only of polybithiophene did not
show any response to Et3SiH. We found that the conductivity of the layered polymer
transistor could also be shut down using H2 as the electron source instead of Et3SiH.
However, the kinetics are significantly slower due to the relatively low solubility of H2 in
CH2C12.
Catalytic Hydrogenation/Isomerization of 1-Pentene with Poly-13. In Chapter 3, the
hydrogenation/isomerization of 1-pentene using the homogeneous catalyst system lo/Jlr
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Figure 8. Plot of drain current vs. time for a conducting polymer-based transistor
consisting of a polybithiophene layer covered with a layer of poly-13 on a Au large
surface area highly interdigitated microelectrode array. The device is alternatively held at
1.00 V vs. Ag which oxidizes the polymer and restores the drain current (A), and placed in
250 mM Et 3SiH in CH 2CI2 which reduces the polymer via rhodium catalyzed oxidation of
Et3SiH and turns off the drain current (B).
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was described. Not only was a difference in rate detected between the oxidized and
reduced forms of the catalyst but a difference in product distribution was evident as well.
It was also shown using substrates such as cyclohexene that we could change the state of
charge of the catalyst in situ by the addition of chemical oxidants or reductants to the
solution thus changing the properties of the catalyst. Our ability to electropolymerize 13
on high-surface area gold electrodes permits the study of these reactions while maintaining
electrochemical control over the oxidation state of the embedded catalyst molecules.
Hence, the state of charge of the catalyst can simply be changed by adjusting the potential
of the electrode, eliminating the need to add chemical species to the solution.
In order to verify this principle, 13 was electrodeposited onto a high surface area
gold electrode by anodic cycling. After characterization, the polymer-coated electrode
was place into a solution consisting of 0.1 M TBAPF6 , 100mM 1-pentene and 49.8 mM
2,2-dimethylbutane (internal standard) in 1,2-dichloroethane. The potential of the
electrode was set at 0.00 V vs. Ag to hold the catalyst in its reduced state and hydrogen
was admitted to the apparatus. After a period of four hours, the potential was ramped to
+1.00 V vs. Ag in order to oxidize the catalyst for 4 hours before returning the electrode
to 0.00 V vs. Ag for the final four hours of the reaction with the catalyst reduced. We
found that the hydrogenation/isomerization reaction was much slower with the polymer
than in solution. The only product formed to a considerable extent over the 12 h reaction
was the isomerization product cis-2-pentene. Figure 9 shows that the initial rate of cis-2-
pentene formation was 1.00 mM/h. Upon oxidation of the polymer-bound catalyst, the
rate decreased to 0.30 mM/h. Re-reduction of the film resulted in a rate increase to 1.31
mM/h. As in the case of the homogeneous catalysts loJled from Chapter 3, the oxidized
catalyst is slower than the reduced for the hydrogenation/isomerization process. These
results demonstrate our ability to alter the properties of the catalyst system
electrochemically. Unfortunately, due to the slow kinetics of the reaction using the
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Figure 9. cis-2-Pentene formation resulting from the isomerization of 1-pentene
catalyzed by poly-13 on a high surface area gold electrode under 1 atm H2 in 1,2-DCE
containing 0.1 M TBAPF6. After 4 h, the polymer is oxidized and the rate of product
formation decreases. After 8 h, the polymer is re-reduced and the product formation rate
increases.
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polymer-bound catalyst, we have not yet looked at differences in hydrogenation rates or
product distributions for this reaction.
X-ray Photoelectron Spectroscopy (XPS). In order to assay the elemental composition
of electrode-bound poly-13 and compare it with both the free ligand 12 and the catalyst
monomer 13, the following x-ray photoelectron spectroscopy experiments were
conducted. Samples of 12 and 13 were prepared by dripping solutions of the molecules
onto ITO electrodes while poly-13 was deposited by anodic cycling onto an ITO
electrode. All scans were collected with a 1 mm spot size and a resolution of 4. Figure
10 shows the survey scans for the free ligand 12 and the catalyst monomer 13 while
Figure 11 displays the survey scans for the catalyst polymer poly-13 before and after
catalyzing the oxidation of formic acid. Figure 12 shows the XPS data which was
collected for specific elements of each sample. The table contains both calculated and raw
data for each element as well as values which are normalized to the catalyst complex 13 to
correct for errors in the sensitivity factors of the instrument. The elemental ratios of 12
compare favorably with those of 13 although the amount of phosphorus in 12 is a little
low. In comparing the data for 13 to that of poly-13, satisfactory agreements can be seen
for each element, though the sulfur content in the polymer is somewhat lower than
expected. After using the poly-13-derivitized electrode to examine the electrocatalytic
oxidation of formic acid in 50% 0.5 M H2S0450% THF, the XPS of the film was
examined again. Comparing the reacted polymer to unreacted poly-13, one observes
similar elemental ratios with what appears to be a slight loss of rhodium. The decrease in
the amount of phosphorus in the reacted poly-13 film coincides with the disappearance of
the peak assigned to the PF6 counterion in the unreacted film. This is a result of the PF6
anion exchanging out during the reaction with formic acid into the aqueous media used for
the process.
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Figure 10. XPS survey scans of the free ligand 12 (A) and catalyst monomer 13 (B). A 1
mm spot size and a resolution of 4 were used during data collection.
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Figure 11. XPS survey scans of the catalyst polymer poly-13 before (A) and after (B)
catalyzing the oxidation of formic acid. A 1 mm spot size and a resolution of 4 were used
during data collection.
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Figure 12. XPS data collected for specific elements of the free ligand 12, the catalyst
monomer 13, and the catalyst polymer poly-13 before and after catalyzing the oxidation of
formic acid. Calculated elemental ratios, observed elemental ratios, and elemental ratios
normalized to 13 are shown.
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Conclusion
In this chapter, efforts to electrode-confine a rhodium catalyst complex which was
shown in Chapter 3 to exhibit electrocatalytic properties for the oxidation of hydrogen and
triethylsilane have been described. Successful electropolymerization of a rhodium catalyst
monomer (13) containing a redox-active metallocene bisphosphine ligand with pendant
thiophenes was achieved after failed attempts with three similar monomers. This indicates
that very specific electronic and structural conditions must be met in the monomer before
electrodeposition will occur. Poly-13 was shown to act as an electrocatalyst for the
oxidation of triethylsilane, hydrogen, and formic acid. It was, however, unreactive for the
oxidation of formaldehyde and methanol. Experiments using ethanol as a substrate still
need to be performed. Ethanol has been shown to be a more active fuel than methanol in
fuel cell studies7 using catalyst coated electrodes since it generates a greater amount of
oxidation current at lower applied potentials than methanol. It should also be noted that
poly-13 exhibits satisfactory stability in the aqueous acidic media used to study the
electrocatalytic oxidation of fonnic acid which is an asset for possible fuel cell
applications.
Although we were not able to electropolymerize 13 directly onto microelectrode
arrays, it was possible to electrodeposit bithiophene onto the array first and then deposit
13 on top of it forming a layered polymer transistor device. Due to the presence of the
electrocatalyst in the device, we found that it was possible to modify the conductivity of
the transistor simply by exposure to triethylsilane. The quick response time of the device
and its reversibility suggest its possible use in sensor applications.
For standard catalytic processes involving poly-13, only the
hydrogenation/isomerization of 1-pentene has been studied thus far. Due to the slow
speed of the reaction using the catalyst impregnated polymer as opposed to the analogous
homogeneous catalysis in solution, only rate data for the formation of cis-2-pentene was
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collected. This data shows the enhanced reactivity of the reduced over the oxidized
catalyst for this process as observed in the analogous solution studies in Chapter 3. Future
work is warranted in this area to increase the speed of the catalytic process possibly by
achieving more thorough surface coverage of poly-13 on the high-surface area gold
electrodes during deposition. Also, other substrates which were used in Chapter 3 for
both hydrogenation and hydrosilation reactions with homogeneous catalysts could be
examined with poly-13 since it can offer the advantage of allowing one to tailor the rate
and product distribution of a given reaction simply by adjusting the potential of the
electrode without the need to add chemical oxidants or reductants.
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Experimental Section
General Methods. All solvents and substrates used were anhydrous and degassed unless
otherwise noted. Acetone was purified by two methods. Impurities were removed from
Mallinkrodt AR acetone by formation of the NaI addition complex followed by distillation
from CaSO 4. Omnisolv acetone was dried by distillation from B20 3. CH2C12 was distilled
from P20 5. Hexane was distilled from CaH2. THF and diethyl ether were distilled from
sodium benzophenone ketyl. Other solvents were obtained anhydrous from Aldrich.
Tetrabutylammonium hexafluorophosphate (TBAPF6) was recrystallized 3X from EtOH
and dried overnight at 120 OC before use. Bithiophene was purified by column
chromatography. [Rh(NBD)CI]2 and anhydrous FeCl2 were bought from Strem. The
preparation of [(omdepf)Rh(NBD)] C10 4 was described in Chapter 3.8 Other chemicals
were obtained from Aldrich unless otherwise noted. All deuterated solvents for NMR
spectroscopy were purchased from Cambridge Isotope Labs. Syntheses below with
reference numbers were carried out using modifications of the literature procedures.
'H and 31P NMR spectra were acquired on Varian XL-300, Varian Unity 300, or
Varian VXR-500 spectrometers. The chemical shifts (8) are in parts per million (ppm)
and are referenced to the residual protic solvent peaks in CD 2C12 (5.32 ppm) and CDC13
(7.24 ppm) for 'H NMR or the phosphorus resonance of 85% H3PO4 (0.00 ppm) for 31p
NMR. GC/MS analysis was performed on a Hewlett-Packard system consisting of a
5890A gas chromatograph coupled to a 5970 mass selective detector. A Supelco SPB-1
nonpolar capillary column was used to effect the separation (30m, 0.25id, 0.25um).
Column chromatography was performed using Merck 230-400 mesh silica gel. A
Brinkman RC 6 refrigerated circulating bath was used to control the temperature during
catalytic runs. Samples were sent to Oneida Research Labs for elemental analysis.
Schlenk techniques or a Vacuum Atmospheres drybox with nitrogen or argon atmosphere
was used for all synthesis and sample preparation unless otherwise noted. X-ray
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photoelectron spectroscopy (XPS) was run on a Surface Science Instruments Model SSX-
100 spectrometer using monochromatic Al Ka radiation and operating at 108 Torr.
Electrochemistry was conducted utilizing a Pine Instrument Company RDE4
bipotentiostat or Princeton Applied Research model 173 potentiostat along with a model
175 universal programmer. Cyclic voltammograms were recorded on a Kipp & Zonen
model BD90 single pen chart recorder or a BD91 two pen recorder. For all experiments
in organic media, an acetone or CH2CI2 solution containing 0.1 M TBAPF6 supporting
electrolyte was used with a glassy carbon or ITO working electrode, platinum counter
electrode and a Ag wire quasireference electrode. For electrochemistry conducted in 50%
0.5 M H2SO4/50% THF, an ITO working electrode, platinum counter electrode, and SCE
reference electrode were used.
Preparation of Electrodes. Glassy carbon electrodes (Bioanalytical Systems, 0.07 cm2)
were cleaned by polishing successively with Buehler 2A Alpha 3 p and 3B Gamma 0.5 p
Micropolish Alumina Suspensions on Buehler Microcloth polishing cloths. The electrodes
were then sonicated for five minutes successively in acetone, CH 2C12, and hexane. Indium
tin oxide (ITO) electrodes (Delta Technologies) were cleaned by sonication as described
above. Their working area (0.70 cm 2) was restricted by epoxy encapsulation.
High surface area gold electrodes were fabricated by electrodepositing Au
(Technic, Inc., Orosene 999 gold plating solution, 5 dwt. per liter) with vigorous stirring
at -3.0V vs. SCE onto pieces of reticulated vitreous carbon (RVC, The Electrosynthesis
Co., Inc.) to which a copper lead had been attached with silver epoxy. It was necessary to
fully soak the RVC pieces with methanol before immersion into the gold plating solution
in order to insure wettability through the entire electrode. This technique resulted in
excellent gold coverage throughout the RVC material. These gold electrodes were rinsed
with water and acetone and used directly.
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Two types of microelectrode arrays were used in this work. The first consists of
an array of eight individually addressable Pt band microelectrodes -50 pm long, -2 pm
wide, and -0.1 pm thick separated from one another by -1.2 pm.6d-" The second is a large
active area highly interdigitated Au or Pt microelectrode device.6 Four of the electrodes
of this device are band electrodes 1.5 mm long and 4 pm wide which are separated from
each other by 4 pm. The other four electrodes consist of six 1.5 mm x 50 pm bus bars
with 50 pm x 4 pm protrusions extending outward from each side. This configuration
results in the highly interdigitated nature of the electrode pairs 1 and 8, and 4 and 5 with
4pm separation. Either of these two devices can be used to measure the conductivity of a
conducting polymer. Both types of arrays were cleaned by three 5 second exposures to
piranha etch (75% sulfuric acid, 25% hydrogen peroxide). The arrays were rinsed with
water and dried between each exposure.
Electropolymerization of Monomers. All polymerizations were conducted in the drybox
using a platinum gauze counter electrode and a Ag wire quasireference electrode.
Electrochemical characterization of the prepared polymer films was carried out in 0.1M
TBAPF6 in CH 2Cl2 . For deposition onto macroelectrodes, a derivitization solution
consisting of 15-30 mM 13 and 0.1M TBAPF6 was made up in CH2Cl2 . Anodic
polymerization of 13 was carried out by cycling the working electrode between OV and
+1.6-2.0 V vs. Ag. More positive potentials were sometimes required during the
polymerization as resistivity increased in the growing film.
On microelectrodes, bithiophene was first deposited onto a large surface area
highly interdigitated microelectrode array by scanning out to +1.15 V vs. Ag in a solution
of 30 mM bithiophene and 0.1M TBAPF6 in CH2C12 and holding the electrode at that
potential for several seconds. 13 was then deposited on top of the polybithiophene by
anodic cycling between OV and -+2.0 V vs. Ag in a solution of 150 mM 13 and 0.1 M
TBAPF6 in CH2C12. 13 could not be polymerized onto the simple Pt microelectrode arrays
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by itself and would only deposit on the macroelectrode-like "bus bar" regions of the highly
interdigitated Au and Pt microelectrode arrays.
2-(3-Thienyl)ethyl bromide (1). A solution of 2-(3-thienyl)ethanol (10.0 g, 78.0 mmol)
in 25 ml diethyl ether was cooled to 0 'C and PBr3 (21.1 g, 78.0 mmol) was added
dropwise over the course of 25 min. Although the solution became cloudy during the
PBr3 addition, it clarified after warming to room temperature. After stirring overnight,
extra PBr 3 (11.4 g, 42.1 mmol) was added and the solution was brought to reflux for 3 d.
The reaction mixture was quenched by adding it slowly to stirring water at room
temperature. The ether extracts were washed with water, saturated aqueous NaHCO 3,
and saturated aqueous KCl prior to drying over MgSO 4 and solvent removal.
Chromatography on silica gel using low boiling pet ether eluent yielded pure, colorless
product (10.5 g, 54.9 mmol). Yield: 70%. 'H NMR (CDCl3): 5 7.27 (m, 1H), 7.05 (m,
1H), 6.96 (m, 1H), 3.55 (t, 2H), 3.19 (t, 2H).
(Thienylethyl)phenylchlorophosphine (2). To a rapidly stirring mixture of magnesium
turnings (1.12 g, 46.1 mmol) in 15 ml diethyl ether was added 1 (8.00 g, 41.9 mmol)
dissolved in 20 ml diethyl ether dropwise. The solution turned cloudy and began to gently
reflux as the Grignard reagent formed. After 1 h of stirring, the reflux ceased and the
Grignard solution was added dropwise over the course of 20 min to a solution of
phenyldichlorophosphine (15.0 g, 83.7 mmol) in 20 ml diethyl ether cooled to -78 'C. A
white precipitate formed during the addition. After the addition was complete, the
mixture was warmed to room temperature and stirred for 1 h. Filtration of the mixture
through a glass frit to remove solids followed by the removal of solvent gave the crude
product as a viscous, almost colorless liquid. Purification by short path distillation at -0.1
torr yielded the product (5.49 g, 21.6 mmol) as a colorless liquid. Yield: 52%. 'H NMR
(CDCl3): 8 7.72 (m, 2H), 7.42 (m, 3H), 7.23 (m, 1H), 7.0-6.85 (m, 2H), 2.85 (q, 2H),
2.51 (b, 2H).
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(Thienylethyl)phenylphosphinoferrocene (3) and 1,1'-
bis((thienylethyl)phenylphosphino)ferrocene (4). A solution of 2 (1.33 g, 5.22 mmol)
in 10 ml THF was added dropwise to a solution of sodium cyclopentadienylide (2.61 ml of
a 2.0 M solution in THF, 5.22 mmol) at -78 'C. When the addition was complete, the
solution was warmed to room temperature and stirred for 1 h. The cloudy cream-colored
solution was cooled down to -78 'C and a solution of n-butyllithium (2.32 ml of a 2.36 M
solution in hexanes, 5.48 mmol) was added via cannula over the course of a few minutes.
After stirring at -78 'C for 10 min once the addition was complete, the mixture was
warmed to room temperature and stirred for 0.75 h. The solution was cooled back down
to -78 'C and a suspension of anhydrous FeC12 (0.364 g, 2.87 mmol) in 15 ml THF was
added via cannula. The resulting dark brown solution was warmed to room temperature
and stirred overnight prior to solvent removal in vacuo. The crude brown product was
dissolved in CH2Cl2 and filtered through Celite to eliminate the salts formed during the
reaction. The products were purified by column chromatography on silica gel. For the
initial chromatography, a solvent mixture of 20% CH2CI/80% hexane was used to elute
the monosubstituted product while a 40% CH 2C12/60% hexane mixture eluted the
disubstituted product. Each product was rechromatographed for final purification using
similar solvent ratios and low boiling pet ether in place of hexane. Total monosubstituted
product (3): 0.147 g, 0.364 mmol. Yield: 14%. 'H NMR (CD2CL2): 8 7.50 (m, 2H), 7.32
(m, 3H), 7.26 (m, 1H), 6.98 (m, 2H), 4.37 (m, 2H), 4.33 (m, 1H), 4.17 (m, 1H), 4.13 (s,
5H), 2.84 (m, 1H), 2.72 (m, 1H), 2.30 (m, 2H). 31P NMR (CD2CI 2, H3PO4 external
reference): 8 -27.3 (s). Anal. Calcd for C22H21FePS: C, 65.36; H, 5.24; P, 7.66; S, 7.93.
Found: C, 65.25; H, 5.37; P, 7.70; S, 7.82. Total disubstituted product (4): 0.352 g,
0.565 mmol. Yield: 22%. 'H NMR (CD2C12): 8 7.48 (m, 4H), 7.32 (m, 6H), 7.25 (m,
2H), 6.98 (m, 4H), 4.4-4.0 (m, 8H), 2.82 (m, 2H), 2.70 (m, 2H), 2.30 (m, 4H). 31P NMR
(CD2Cl2, H3PO4 external reference): 8 -28.2 (s). Anal. Calcd for C34H32FeP2S2 : C, 65.60;
H, 5.18; P, 9.95; S, 10.30. Found: C, 65.37; H, 5.35; P, 9.70; S, 10.16.
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[(1,1'-Bis((thienylethyl)phenylphosphino)ferrocene)Rh(NBD)]PF 6 (5). A lemon
yellow solution of [Rh(NBD)C1]2 (86.3 mg, 0.187 mmol) and NaPF6 (73.0 mg, 0.435
mmnol) was made in 10 ml THF. 4 (0.233 g, 0.375 mmol) was dissolved in 10 ml THF and
added to this solution. An immediate color change to red-orange occurred upon
phosphine addition and soon an orange solid began to precipitate from the solution. After
stirring for 2 h, 80 ml diethyl ether was added and the orange solid was isolated on a glass
frit and washed copiously with diethyl ether. CH2CI 2 was used to carry the product
through the frit leaving behind salt byproducts of the reaction. Double recrystallization
from CH2CIJdiethyl ether yielded red-orange crystals of the product (0.238 g, 0.247
mmol) consisting of a 7:3 ratio of diastereomers. Yield: 66%. The 'H NMR was quite
complex due to the mixture of diastereomers. 'H NMR (CDCl 3): 8 7.8-7.3 (m, 10H), 7.15
(m, 2H), 6.59 (m, 4H), 5.31 (s, 2H), 4.98 (s, 2H), 4.9-4.4 (m, 8H), 4.22 (s, 2H), 2.45 (b,
4H), 2.12 (b, 4H), 1.62 (s, 2H). 31P NMR (CDCl3, H3PO4 external reference): 8 21.5 (d,
Ja-P = 157 Hz, 30% of product), 20.9 (d, Jh-P = 157 Hz, 70% of product).
Octamethyl-1,1'-bis((thienylethyl)phenylphosphino)ferrocene (6). n-Butyllithium
(7.87 ml of a 2.36 M solution in hexanes, 18.6 mmol) was added dropwise to a solution of
tetramethylcyclopentadiene (2.16 g, 17.7 mmol) in 5 ml THF at -78 'C forming a white
precipitate. After the addition was complete, the mixture was warmed to room
temperature and stirred for 0.5 h. The mixture was cooled to -78 'C again and 2 (4.96 g,
19.5 mmol) in 10 ml THF was added dropwise. The solution was warmed to room
temperature and stirred for 1.25 h after which it was cooled to -78 OC again and n-
butyllithium (7.87 ml of a 2.36 M solution in hexanes, 18.6 mmol) was added dropwise.
After warming to room temperature and stirring for 1 h, the mixture was cooled to -78 'C
for a final time and an anhydrous FeCI2 (1.23 g, 0.973 mmol) suspension in 15 ml THF
was added via cannula. The resulting dark brown mixture was stirred at room
temperature overnight and solvent was removed in vacuo. Column chromatography on
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silica gel was run twice to purify the yellow product oil (0.532 g, 0.716 mmol). Yield:
8%. 'H NMR (CDCI3): 8 7.35 (m, 4H), 7.22 (m, 6H), 7.1-6.8 (m, 6H), 3.0-2.4 (m, 8H),
2.0-1.5 (m, 24H).
[(Octamethyl-1,1'-bis((thienylethyl)phenylphosphino)ferrocene)Rh(NBD)]PF 6 (7).
[Rh(NBD)Cl]2 (67.0 mg, 0.145 mmol) and NaPF6 (56.6 mg, 0.337 mmol) were dissolved
in a minimal amount of THF forming a lemon yellow solution. 6 (0.216 g, 0.294 mmol)
was dissolved in a minimal amount of THF and added to this solution. An immediate
color change to red-orange occurred upon addition of the phosphine. After stirring for 2
h, 100 ml diethyl ether was added and the orange solid which precipitated was isolated on
a glass frit and washed copiously with diethyl ether. CH2CI2 was used to carry the product
through the frit leaving behind salt byproducts of the reaction. Recrystallization from
CH 2CI2/diethyl ether yielded red-orange crystals of the product (0.154 g, 0.143 mmol)
which consisted of two diastereomers. Yield: 49%. The 'H NMR was very complex due
to the mixture of diastereomers and therefore has not been assigned at this time.
6-(2-(3-Thienyl)ethoxy)hexyl iodide (8).9 A solution of 2-(3-thienyl)ethanol (4.15 g,
32.4 mmol), 1,6-diiodohexane (24.1 g, 71.2 mmol), and tetrabutylammonium bisulfate
(0.600 g, 1.77 mmol) in 23ml of 50% NaOH was heated at 45±5 'C for 20 h with rapid
stirring. The reaction mixture was poured into water and the product extracted with
diethyl ether.. Ether extracts were washed with water and saturated aqueous KCl prior to
drying over MgSO 4. The solvent was removed in vacuo and the product purified by
column chromatography on silica gel using a 5% diethyl ether/95% hexane solvent mixture
as eluent. A clear, slightly yellow liquid was obtained (7.30 g, 21.6 mmol). Yield: 67%.
1H NMR (CDCl3): 8 7.22 (m, 1H), 6.99 (m, 1H), 6.96 (m, 1H), 3.61 (t, 2H), 3.42 (t, 2H),
3.17 (t, 2H), 2.89 (t, 2H), 1.81 (p, 2H), 1.57 (p, 2H), 1.37 (m, 4H). Anal. Calcd. for
C12H19IOS: C, 42.61; H, 5.66. Found: C, 42.72; H, 5.31. High Resolution EIMS Calcd.
for M' of CI2H19IOS: m/e, 338.020055. Found: 338.01963.
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6-(2-(3-Thienyl)ethoxy)hexylphenylchlorophosphine (9). A 100 ml Schlenk flash was
charged with Mg turnings (2.51 g, 103 mmol) which were stirred dry overnight to enhance
activity. Enough diethyl ether was added to cover the Mg and and an 12 crystal was added
for activation. A solution of 8 (6.51 g, 19.2 mmol) in 10 ml ether was dripped into the
Mg suspension at a rate which maintained a slow reflux. After the reflux subsided, the
mixture was stirred an additional 2 h and was then dripped into a solution of
dichlorophenylphosphine (3.44 g, 19.2 mmol) in 15ml diethyl ether at -78 *C over the
course of 0.5 h. After the addition, the yellow-orange reaction mixture was warmed to
room temperature, stirred an additional hour, and filtered through a frit to remove solids.
The solvent was evaporated leaving behind the crude yellow-orange semi-solid product
(10.53 g, 18.8 mmol). Yield: 98%. The product was used in the next step without further
purification. 1H NMR (CDCl3): 8 8.0-7.3 (m, 5H), 7.23 (m, 1H), 6.97 (m, 2H), 3.61 (m,
2H), 3.41 (m, 2H), 2.89 (m, 2H), 2.5-1.9 (m, 2H), 1.7-1.1 (m, 8H).
1,1'-Bis(6-(2-(3-thienyl)ethoxy)hexylphenylphosphino)ferrocene (10). A solution of
sodium cyclopentadienylide (9.41 ml of a 2.0 M solution in THF, 18.8 mmol) in 10 ml
THF was added dropwise to a solution of 9 (6.68 g, 18.8 mmol) in 50 ml THF at -78 OC
over the course of 20 min and a precipitate formed. When the addition was complete, the
solution was warmed to room temperature and stirred for 0.75 h during which the orange
mixture clarified. The solution was cooled down to -78 oC and a solution of n-
butyllithium (7.98 ml of a 2.36 M solution in hexanes, 18.8 mmol) in 10 ml THF was
added dropwise over the course of 20 min and a precipitate formed. Once the addition
was complete, the mixture was warmed to room temperature and stirred for 0.5 h during
which all solids dissolved. The orange solution was cooled back down to -78 'C and a
suspension of anhydrous FeC12 (1.19 g, 9.41 mmol) in 50 ml THF was added via cannula.
The resulting dark brown solution was warmned to room temperature and stirred for 43 h
prior to solvent removal in vacuo. The crude brown product was dissolved in CH2C12 and
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diethyl ether and filtered through a silica gel plug to eliminate solid reaction byproducts.
The crude product was purified twice by column chromatography on silica gel using a
solvent mixture of 3% acetone/97% hexane to elute the pure disubstituted product (1.03
g, 1.25 mmol). Yield: 13%. 'H NMR (CDCl3): 8 7.44 (m, 4H), 7.29 (m, 6H), 7.19 (m,
2H), 6.95 (m, 4H), 4.4-3.9 (m, 8H), 3.59 (m, 4H), 3.39 (m, 4H), 2.87 (m, 4H), 1.91 (m,
4H), 1.8-1.2 (m, 16H). 31P NMR (CDCl3, H3P0 4 external reference): 8 38.5 (s). Anal.
Calcd for C46H 56FeO2P2S2: C, 67.14; H, 6.86. Found: C, 66.80; H, 7.03.
[(1,1'-Bis(6-(2-(3-thienyl)ethoxy)hexylphenylphosphino)ferrocene)Rh(NBD)]PF 6
(11). [Rh(NBD)C1] 2 (89.6 mg, 0.194 mmol) and NaPF6 (152 mg, 0.902 mmol) were
dissolved in a minimal amount of THF forming a lemon yellow solution. 10 (0.320 g,
0.389 mmol) was dissolved in a minimal amount of THF and added to this solution. An
immediate color change to orange occurred upon addition of the phosphine. After stirring
for 36 h, the solvent was removed in vacuo leaving behind an orange residue. The crude
product was dissolved in CH 2C12 and filtered through a Celite plug to eliminate salt
byproducts of the reaction. Recrystallization from CH 2Cl2/diethyl ether was attempted
twice, but the orange product (0.215 g, 0.185 mmol), consisting of a 1:1 ratio of
diastereomers, oiled out each time. Yield 48%. The 'H NMR was quite complex due to
the mixture of diastereomers. 'H NMR (CDCl3): 8 7.7-7.3 (m, 10H), 7.20 (m, 2H), 6.95
(m, 4H), 5.25 (s, 2H), 4.89 (s, 2H), 4.8-4.4 (m, 8H), 4.21 (s, 2H), 3.58 (m, 4H), 3.41 (t,
2H), 3.33 (t, 2H), 2.86 (m, 4H), 2.23 (b, 2H), 2.06 (b, 2H), 1.9-0.9 (m, 16H). 31P NMR
(CDCl3, H3P0 4 external reference): 8 21.2 (d, JR-P = 161 Hz, 50% of product), 20.6 (d,
JRh-P = 160 Hz, 50% of product).
Octamethyl-1,1'-bis(6-(2-(3-Thienyl)ethoxy)hexylphenylphosphino)ferrocene (12).
To a solution of tetramethylcyclopentadiene (3.62 g, 29.6 mmol) in 75 ml THF at -78 'C
was added a solution of n-butyllithium (12.5 ml of a 2.36 M solution in hexanes, 29.6
mmol) in 12 ml hexane dropwise with stirring over the course of 20 min. After the
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addition, the mixture was allowed to warm to room temperature. It was then added
dropwise over the course of 20 min to a solution of 9 (10.50 g, 29.6 mmol) in 150 ml
THF at -78 'C resulting in a solution color change from orange to lemon yellow. This
solution was warmed to room temperature and then immediately cooled back down to -78
'C after which a solution of n-butyllithium (12.5 ml of a 2.36 M solution in hexanes, 29.6
mmol) in 12 ml hexane was added dropwise over a period of 30 min. The solution was
then warmed to room temperature during which it turned orange-red. It was then cooled
back down to -78 'C and a suspension of anhydrous FeC12 in 100 ml THF was added via
cannula. The mixture was warmed back up to room temperature and stirred overnight
during which it turned dark brown. Solvent removal yielded a dark brown oily mass
which was dissolved in diethyl ether and passed through a silica gel plug to remove solid
byproducts of the reaction. The product was purified twice by column chromatography
on silica gel using solvent mixtures containing 10-25% diethyl ether in hexane. The
yellow-brown purified product which contained a mixture of diastereomers was isolated as
a yellow oil (1.33 g, 1.43 mmol). Yield: 10%. 'H NMR (CDCI3): 8 7.22 (m, 12H), 6.96
(m, 4H), 3.59 (t, 4H), 3.40 (t, 4H), 2.88 (t, 4H), 2.19 (b, 4H), 2.0-1.2 (m, 40H). 31p
NMR (CDCl3, H3PO4 external reference): 8 -24.0 (s), -24.1 (s). Anal. Calcd for
C54H72FeO2P2S2 : C, 69.36; H, 7.43. Found: C, 68.82; H, 7.43. High Resolution EIMS
Calcd. for M÷ of C54H72FeO 2 P2S2: m/e, 934.37978. Found: 934.37850.
[(Octamethyl-1,1'-bis(6-(2-(3-
Thienyl)ethoxy)hexylphenylphosphino)ferrocene)Rh(NBD)]PF 6 (13). A lemon yellow
solution of [Rh(NBD)Cl] 2 (26.0 mg, 0.0563 mmol) and NaPF 6 (21.9 mg, 0.131 mmol) in a
minimal amount of THF was added dropwise to a solution of 12 (0.105 g, 0.113 mmol) in
a minimal amount of THF. The solution color turned to orange-red during the addition.
After stirring for 2.5 h, the solvent was removed in vacuo leaving behind an oily orange
solid. The crude product was dissolved in CH2Cl 2 and filtered through a Celite plug to
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eliminate solid byproducts. Solvent removal from the orange filtrate yielded a semi-solid
product. Hexane was added to the product and upon scraping an orange solid resulted
(0.140 g, 0.110 mmol) which was washed copiously with hexane and dried in vacuo.
Yield: 97%. 'H NMR (CD2C12): 8 7.7-7.3 (m, 8H), 7.22 (m, 4H), 6.98 (m, 4H), 5.30 (b,
1H), 5.15 (b, 1H), 4.78 (b, 1H), 4.47 (b, 1H), 4.01 (m, 2H), 3.59 (dt, 4H), 3.38 (dt, 4H),
2.85 (t, 4H), 2.30 (b, 2H), 2.2-1.9 (m, 8H), 1.9-1.0 (m, 36H). 31P NMR (CDC13, H3PO4
external reference): 8 19.6 (d, JRh-P = 159 Hz, 47% of product), 17.4 (d, J.-P = 157 Hz,
53% of product). Anal. Calcd for C6jHsoF 6FeO2P3RhS2: C, 57.46; H, 6.32. Found: C,
56.75; H, 6.18. High Resolution FABMS Calcd. for [M+H]÷ of C61H8oF6FeO2P3RhS 2:
m/e, 1275.319165. Found: 1275.32072.
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